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ABSTRACT
Inertial microfluidic particle manipulation technology, which can manipulate the target
particle entirely relying on the microchannel characteristic geometry and intrinsic
hydrodynamic effects, has attracted great attention due to the fascinating advantages such
as high-throughput, simplicity, precise manipulation and low cost. As a passive
microfluidic technology, inertial microfluidics can precisely focus, separate or trap
particles in the continuous and high-throughput manner without the extra requirement of
external field for functionalities, and is very promising for a wide range of industrial,
biomedical and clinical applications.
In the regime of inertial microfluidics, both the non-negligible inertia and viscosity of
fluid introduce two important inertial effects, including the inertial migration and the
secondary flow. The inertial migration in the straight microchannel normally contributes
to multiple equilibrium positions, which causes the difficulty of efficient particle focusing
and separation. It is found that the secondary flow can remedy this congenital deficiency
through its hydrodynamic effects, and has been widely adopted to reduce the number of
the equilibrium position and greatly improve the particle manipulation performance in
inertial microfluidic devices.
Among the existing inertial microfluidic devices, the curving channels such as
serpentine and spiral are widely adapted to manipulate the particle with the assistance of
secondary flow, which is induced due to the velocity mismatch of the fluid flow in the
downstream direction within the cross section of the curved microchannel. The
microchannel with expansion-contraction cavity array is another type of microchannel
with a change of cross section. It is known that the secondary flow generated in these
types of microfluidic devices with the curved channel or disturbance obstacle is termed
as Dean flow, which consists of two symmetrical counter-rotating vortices within the
cross sections. As a result, the pattern of the secondary flow used is fixed and similar, and
the manipulation mechanism of them has been comprehensively studied and well
developed.
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In this work, we investigate the phenomenon, theory and applications of the secondary
flow using the double-layered microchannel with groove pattern, which is expected to
provide the deeper insights and new strategies for the development of inertial
microfluidics. The secondary flow is generated due to the flow filed disturbance of the
asymmetric expansion-contraction microstructure in the mainstream direction. This
unique vortex pattern has been rarely investigated and employed to manipulate particles.
So this research is to investigate the inertial microfluidic particle manipulation method
through the geometry-induced asymmetric secondary flow and explore its application in
biomedicine.
Firstly, we present an innovative passive microfluidic particle focusing method using
the induced secondary flow. This microfluidic method shows good focusing performance
on differently sized particles as well as the biological cells such as Jurkat cells at a highthroughput over 1000 µl/min. Meanwhile, compared with the traditional inertial
microfluidic method, there is no requirement of a long channel length due to the assistance
and modification of the induced secondary flow.
Secondly, we develop a flow rate insensitive size-based particle separation and
filtration method using the double-layered microfluidic platform. In the modified doublelayered microchannel, small size particles receive the weak secondary flow drag force
and most of them are gradually concentrated at the most stable location in the flow field
near the centre of the microchannel. Besides, a separation experiment of large and small
particle is demonstrated successfully at a wide flow rate range from 600 µl/min to 1200
µl/min. This flow rate-insensitive characteristic of the inertial particle separation method
is attractive, and it is beneficial for the system integration with other functional units as
well as lessening the requirement of precision pumping.
Thirdly, a sheath flow-assisted particle manipulation method is presented to overcome
the limitation of conventional design and offers much better performance of the smaller
particle control ability. This is because the conventional inertial microfluidic platform
mentioned above can only manipulate the target particle whose size is larger than 8 µm
to the equilibrium position effectively. However, the smaller size particle is not able to
be effectively concentrated because of the weak secondary flow drag force applied, which
is also the inherent problem of inertial microfluidics. The application of top sheath flow
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successfully pushes the particles to the region where the geometry-induced secondary
flow can more effectively drive the target particles to the equilibrium position.
Furthermore, we applied the novel platform for blood plasma extraction, and the purity
of the blood plasma extracted is as high as 99%.
Finally, we investigated the ultra-weak viscoelastic effects on particle migration and
manipulation in the double-layer microchannel. Non-Newtonian viscoelastic fluid exists
everywhere in our everyday life, such as blood, mucus, milk and yoghurt etc. In many
cases of microfluidics, the weak fluid viscoelasticity is often ignored for simplicity in the
experiment and theoretical analysis if the liquid medium is significantly diluted. However,
the ultra-weak viscoelastic effects on particle migration and manipulation in
microchannels are still unknown. Uncovering the relation between viscoelastic medium
and particle migration will significantly contribute to the development of microfluidics in
design, mechanism and applications. The experimental results indicated that even the
Polyethylene Oxide (PEO) aqueous solution with PEO concentration as low as 5 ppm can
influence the original particle migration trajectories. And the biological fluids, such as
the blood plasma and Fetal Bovine Serum (FBS), are also exhibiting obvious
viscoelasticity characteristics affecting the particle final distribution in the microchannel.
Furthermore, we established an innovative fluidic viscoelasticity measurement scheme
for the complex biological heterogeneous fluids to estimate Weissenberg number simply
and rapidly.
In conclusion, this thesis investigated the fundamental effects of secondary flow induced
by the slanted groove array on the particle manipulation in the double-layered microchannel.
By leveraging the interesting geometry-induced secondary, the double-layer microfluidic
devices have successfully achieved the high-throughput and three-dimensional particle
focusing, flow rate-insensitive size-based particle separation, and blood plasma extraction
etc. This study provides deeper insights into the effects of groove-induced secondary flow
on inertial migration and explores the new strategies for the development of microfluidic
devices using the double-layer structure.
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Fluorescent micrograph of the mixing process of two parallel flows across the CEA
microchannel. The enlarged insets show that the mixing effects are qualified after six and
twelve units of the CEA structure. The flow rate of both flow streams is 5 ml/h (Re=7.2)
here [50]. (d) Carrier solution medium exchange using the proposed CEA microchannel.
At the flow rate of 13 ml/h, the 10 µm particles can be removed from the original medium
and collected within the sheath flow medium at the branch outlet instead [52]. ............ 17

XI
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surface [64]. (a) Schematic diagram of the generated secondary flow within the doubleXII

layered microchannel with the anisotropic cross section. The chaotic stirring effects of
the secondary flow is depicted by two flow trajectories in red and green, respectively.
And the inset below is the schematic of the geometry-induced secondary flow within the
microchannel cross section. (b) The top view optical image of the microchannel. It can
be observed that the two injected fluid flow (red and green) from two separated inlets are
mixed rapidly. (c) Confocal graph of the microchannel cross section. The fluorescent fluid
trajectory depicts the stirring effects on the laminar fluid flow and the angular
displacement of the transverse vortex can be estimated. ................................................ 23
Figure 2-11 Particle focusing and separation by MVM [74]. (a) Finite element simulation
of the 3D MVM microchannel model. The input velocity is 5.8×10-6 m/s. (b) Simulation
of the flow field within the cross section of the MVM microchannel. The secondary flow
is generated due to the pressure gradient in the streamwise direction. Insets aside are the
flow velocity profile achieved. (c) Schematic of the particle equilibrium positions within
the microchannel based on the particle density compared to the medium. If the target
particle density is less than the medium’s, the particles are guided to the equilibrium
position near the groove structure where the drag force and gravitational force are stronger
enough to balance the buoyant force. On the contrary, the particle’s equilibrium position
is near the microchannel bottom where the buoyant force and drag force balance the
gravitational force. (d) Top view of the focusing pattern of particles with different density
in MVM. (e) Fluorescent trajectories of H1650 cell focusing at the Reynolds number of
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Figure 2-12 Density- and size-based vector particle separation in the microchannel with
slanted open cavities [75]. (a) Schematic of the presented microchannel with slanted
groove obstacles on the bottom surface. (b) Two types of slanted groove structures are
used in the experiments. The groove width and spacing are 10 or 24 µm, and the
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oblique direction. (c) Different size particles’ trajectories within the microchannel due to
the flow filed deflection. It is shown that the small size particles (10.11 µm) are deflected
by the helical flow and sediment inside the cavity, whereas the large size particles (20.9
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µm) are still travelling along the mainstream direction without the sedimentation
phenomenon observed..................................................................................................... 25
Figure 2-13 Continuous size-based hydrophoretic particle manipulation method in the
microchannel with slanted grooves on both the top and bottom surface [76]. (a) Schematic
drawing of the hydrophoretic particle manipulation method in the proposed microchannel.
In the top view, the slanted groove on the bottom surface is represented by the shaded
quadrangle and the slanted groove on the top surface is represented by the lined
quadrangle. In the side view, it can be seen that the pressure-generated secondary flow
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respectively. (b) Disturbed flow field simulation within the channel’s cross section. The
initial flow rate is set at 0.1 µl/min. (c) The 12 and 9 µm binary particle solutions can be
separated by the hydrophoresis at the flow rate of 1 µl/min. .......................................... 27
Figure 2-14 (a) Schematic diagram of the multi-functional hydrophoretic microfluidic
device. The randomly distributed particles at the inlet can migrate to corresponding
equilibrium positions at moderated Reynolds number (high and low). (b) The optical
images of the achieved 15.6 and 12.4 µm particles’ equilibrium positions at the Reynolds
number of 2.4 and 33.9. (c) The corresponding particle distribution along the channel
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Figure 2-15 Hybrid hydrophoretic particle manipulation device [83]. (a) Schematics of
the DEP-active hydrophoretic microfluidic channel used in the blood plasma extraction
experiment. It can be seen that, with the assistance of negative DEP force, the randomly
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Figure 2-16 Three-dimensional, sheathless, and high-throughput microparticle inertial
focusing method using the geometry-induced secondary flow [86]. (a) Schematic diagram
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of the double-layered stepped microchannel and the particle focusing mechanism. As
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image. (b) The disturbed flow field simulation within the microchannel cross section at
the Reynolds number of 83.33 and 0.2778. The arrow depicts the secondary flow
circulating direction and the arrow size is proportional to the magnitude of the flow field
velocity. (c) Sequential snapshot images of the focusing patterns of different size
polystyrene particles and cells. The Reynolds numbers of these five focusing experiments
are 83.33. And the microchannel used possesses 30 step structures. .............................. 31
Figure 2-17 Inertial microfluidic methods using the secondary flow to manipulate
particles. Four classic types of microchannel including the serpentine microchannel, the
serpentine microchannel, the single-layered microchannel with expansion-contraction
cavity array and the double-layered microchannel with nonrectangular expansioncontraction cavity are introduced in this chapter. ........................................................... 33
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1. Introduction
1.1.

Background and motivation

The microfluidic technology enables the precise manipulation of very little volume (from
10-9 to 10-18 litres) of fluids by leveraging the channel with the dimension of tens to
hundreds of micrometres [1].
In past decades, based on the motivation of the requirement from fields of molecular
analysis, microelectronics, molecular biology and biodefense, the development of
microfluidic technologies is booming with the applications in the bioanalysis, chemical
synthesis, medical chemistry and cell biological research and practical products etc. [1].
As the emerging technology, there are many fascinating advantages possessed by the
microfluidics compared with the traditional macro-scale device, including (1) reduction
of the sample and reagent amount required; (2) shortening of the analytic time; (3) high
sensitive detection; (4) low price of equipment; (5) ultra-small footprints; (6) excellent
inerrability in comprehensive analysis platform and (7) good automation characteristics
decreasing the risk of human intervention etc. [2, 3].
Because the capability of manipulating fluids is at the order of microliter, microfluidics
is expected to be great promising and revolutionary science in the field of biomedical
research. The scope of microfluidic biological application is continuously increasing
involving the nanometre-sized material and reagent transportation [4], biological and
chemical reaction control [5], high-throughput screening [6] and biological particle
manipulation etc. [2, 7]. And the microfluidic platform of miniaturized total analysis
system (µTAS) and lab-on-a-chip (LOC) have been investigated. These prototypes have
been demonstrated to possess advantages compared with the traditional technologies [811]. And there is the requirement of precise particle manipulation ability of the analytic
platform in the majority of biological assays and medical diagnostics. For example,
normally the biological samples for detection contain various types of cells, however, the
most important cell, which is the biomarker and significantly necessary to the analysis, is
only a small part of the all cell population. Also, single-cell detection is desired for the
molecular analysis. As a result, it is of the primary importance of focusing or separating
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the target cell in advance [2]. And the cell (particle) can be manipulated based on the
difference in their biological and physical characteristics, such as the size, shape,
magnetism, dielectric coefficient and density etc. [12, 13]. Recently, many prototypal
microfluidic platforms of particle manipulation have been presented. For example,
nucleated RBCs (NRBCs) are able to be separated from the pregnant woman blood
sample for health monitoring [14, 15]. Furthermore, the single streamline cell focusing
and concentration is an important sample preparation step of the application of flow
cytometry.
According to the manipulation principle, the microfluidic particle manipulation
technology can be classified as either passive or active method. The active manipulation
method refers to the microfluidic device taking advantage of the external field for its
functionality. In contrast, the passive microfluidic method is merely relying on the
channel geometry and instinct hydrodynamic effects for the functionality. The versatile
acoustophoresis (AP) [16], dielectrophoresis (DEP) [17], magnetophoresis (MP) [18],
optical force [19], electro-kinetics [20] and their combination [21] are typically employed
by active microfluidic particle manipulation methods. The active microfluidic particle
manipulation technology can offer the better and more precise particle movement
controllability, but the extra-functional field restricts the throughput as they require the
particles to be exerted by an effective external force. Meanwhile, the integration of the
bulky functional component, complex fabrication process and the power supply are the
burden to the operators. The passive microfluidic particle manipulation methods
including the deterministic lateral displacement (DLD) [22, 23], pinched-flow
fractionation (PFF) [24], hydrophoresis [25, 26] and inertial microfluidics etc. [12, 27]
are normally easier in the operation and possess better portability features with a high
throughput.
Among passive microfluidics, inertial microfluidics is one of the emerging popular
passive microfluidic technologies relying on the inertial effects in the designed
microchannel. Originally, the inertia of the fluid and particles in microfluidic system has
been ignored [12]. However, many research works began to focus the intermediate flow
condition (Reyolds number Re is from ~1 to ~100) [28, 29]. In the inertial regime, it is
found that the inertia of fluid and particles is finite, and the poiseuille velocity profile
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contributes to the inertial lift force across the particle [30]. On the other hand, secondary
flow can be generated using the curved channels or disturbance obstacles, because of the
velocity mismatch in the cross section of the microchannel. Therefore, the unbalanced
velocity profile induces a pressure gradient and the fluid flow at the high pressure point
will transfer to the low-pressure point. As a result, it is known that the curved channel
and the disturbance obstacle in the straight channel can generate the vortex perpendicular
to the mainstream direction which is called “Secondary flow”. The secondary flow is first
employed to realise mixing functionality in the microfluidic platform [31]. More recent
studies found that secondary flow could improve the inertial microfluidic manipulation
capability on particle sorting, separation, focusing and filtration etc. The inertial
microfluidic method can benefit from the secondary in several ways such as (1) modulate
the multiple inertial particle equilibrium positions; (2) disturb the laminar flow; (3) reduce
the requirement of channel length for the particle migration and (4) realise the particle
manipulation of focusing, mixing, sorting etc. [32].
Compared with the inertial microfluidic channel using the Dean and Dean-like flow to
manipulate the target particles in the cured microchannel, the double-layered
microchannel with the anisotropic cross-section which consists of the rectangular straight
channel and expansion slanted grooves can generate the complicated asymmetric
secondary flow, which is distinct from the Dean vortex induced by the curvature. The
mechanism and effects on particle migration of the corresponding disturbed flow filed are
rarely studied because of the variation and irregularity of the geometry-induced secondary
flow [27, 30].
1.2.

Objectives
1) To investigate particle migration modulated by the geometry-induced secondary
flow in the proposed double-layered microchannel with groove array, and develop
a high-throughput, sheathless, and three-dimensional particle focusing method for
different size particles and biological cells.
2) To develop a size-based particle separation and filtration method by using the
effects of geometry-induced secondary flow on different size particles in the
proposed inertial microfluidic platform.
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3) To further investigate the phenomenon and theory of the geometry-induced
secondary flow and particle migration in the double-layered microchannel
through experiments and finite element simulation of the flow field.
4) To improve the particle manipulation performance on smaller size particles
(especially the sub-micro size particle) of the original microfluidic device through
the application of the sheath flow, and explore the blood plasma extraction
application based on this microfluidic technology.
5) To investigate the effects of ultra-weak viscoelasticity of fluids on particle
migration and distribution utilising our double-layered microchannel with
tropology pattern, and further develop the on-chip microfluidic rheometer
application based on the explored mechanism.
1.3.

Outline of the thesis

In Chapter 1, the background of the microfluidic technology and existing particle
manipulation methods which take advantage of various developed microfluidic platforms
are introduced. The motivation of this work is discussed and referred to the requirement
of the precise, operation-simple and effective particle manipulation method in many areas
of biological and diagnostic scientific research as well as the practical applications.
Meanwhile, the objectives of this work are listed systematically, and the outline of the
whole thesis is stated in chapter order.
In Chapter 2, a literature review of the existing inertial microfluidic technologies which
are based on the secondary flow for particle manipulation is proposed. Firstly, different
microfluidic particle manipulation technologies are summarised according to the
classification of the active and passive principle used. Then, we focus on the inertial
microfluidic fundamentals, including the hydrodynamic and inertial effects on the particle
distribution when particles are travelling within the microchannel. And the case involving
the geometry-induced secondary flow is emphatically introduced. Finally, a
comprehensive review of various developed inertial microfluidic particle manipulation
platforms using different types of microchannel is presented.
In Chapter 3, a high-throughput, sheathless and three-dimensional particle focusing
method using the secondary flow is proposed firstly.This passive inertial microfluidic
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method makes use of the passive hydrodynamic microfluidic mechanism that takes
advantage of the geometry-induced secondary flow and inertial migration. The device
used here is a straight channel with arrays of arc-shaped grooves on the top surface.
Through the simulation results achieved, it can be found that a secondary flow is
generated within the cross section of the microchannel and drives the target particle to the
equilibrium position near one sidewall of the microchannel. The fluorescent microscopic
images of the particle trajectory show that this particle focusing method performs well
for different size particles (10, 13, 24 µm), and the experimental phenomenon agrees well
with the theory and simulation results. The effects of the particle size on the focusing
performance is also discussed that the large size particle (24 µm) is able to be focused at
a relatively low flow (500 µl/min) rate condition while the small size particle (10 µm)
requires a much higher flow rate (1100 µl/min) for the effective focusing performance.
In additional, Jurkat cells are demonstrated to be successfully 3D concentrated at the
outlet of the microchannel at appropriate flow rate condition, which shows good
compatibility and potential in the biological research application of this inertial
microfluidic platform.
In Chapter 4, a particle separation and filtration method is developed which is realised
by taking advantage of the different effects of the geometry-induced secondary flow on
large and small size particles respectively. It is observed that, in the double-layered
microchannel, the geometry-induced secondary flow will guide different size particles to
the corresponding equilibrium positions either near the centre of the microchannel or at
one sidewall of the microchannel. In experiments, the large size particle can receive a
strong enough secondary flow drag force and be focused on one sidewall of the
microchannel. On the other hand, the small size particle is not able to be focused because
of the weak secondary flow drag force and the majority of them concentrate together near
the centre of the channel. Furthermore, though most of the proposed inertial microfluidic
devices normally only work effectively at a limited and narrow flow rate range because
the delicate hydrodynamic balance is quite sensitive to the flow rate (Reynolds number)
change. The performance of this particle separation and filtration method is found
relatively insensitive to the variation of the flow rate. According to this, the separation of
4.8 µm and 13 µm particle suspensions is conducted and successfully achieved in the
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proposed microchannel. A qualified particle separation or filtration can be achieved at a
wide range of flow rate from 600 to 1200 µl/min.
In Chapter 5, the geometry-induced secondary flow in our microfluidic platform is
comprehensively investigated through a wide range of flow condition regime from Re~1
to ~150. It is found that, in the microchannel with arc-shaped groove arrays, secondary
flow vortex arisen due to the pressure gradient varies in the aspects of both magnitude
and shape with the increase of Reynolds number. And the variation of secondary flow
vortex brings about different modes of particle migration in the microchannel. We
investigate the focusing phenomenon experimentally and analysed the mechanism
through numerical simulations. At the high Reynolds number (Re=127.27), the geometryinduced secondary flow rotates constantly along one direction, and most particles are
guided to the equilibrium positions near one side of the microchannel. However, at the
low Reynolds number (Re=2.39), the shapes of geometry-induced secondary flow
vortices are obviously different, forming a variant Dean-like vortex which consists of two
asymmetric counter-rotating streams in the cross section of the microchannel. Because of
the periodical effects, suspended particles are concentrated at another equilibrium
position on the opposite side of the microchannel.
In Chapter 6, the microfluidic platform was modified for better particle manipulation
performance. In the double-layered microchannel with slanted groove structures, it has
been demonstrated that the generated secondary flow at a high flow rate can focus the
particle with a large size (>8 µm). However, the manipulation of small size particles (<8
µm) was unsuccessful as the effects of secondary flow on the small size particles was not
strong enough. In order to manipulate the small size particle, we propose a scheme to
utilise a top sheath flow to enhance the focusing efficiency of the structure-induced
secondary flow. The effects of the total flow rate and the flow rate ratio between the
sheath and sample flow are investigated comprehensively in a large range. The 4.8 μm
particle could be manipulated effectively at different flow rates with the assistance of
appropriate sheath flow. Besides, the effects of other factors, such as the quantity of the
expansion groove structure, particle concentration and size, on particle focusing
performance are also investigated. It is found that the particles with a diameter as small
as 2.9 μm can still be effectively focused within the double-layered microchannel.
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Furthermore, we demonstrate the continuous plasma extraction from the undiluted whole
blood using this proposed technique to validate its potential biological applications. The
results show that the purity of plasma extracted could reach up to ~99% after a single
process.
In Chapter 7, it is noticed that the blood cells’ trajectory little differs from the substitute
particles’ with the same size. As a result, we employ different non-Newtonian fluids
(polyethylene oxide (PEO) solutions, blood plasma, etc.) with ultra-low concentration to
investigate the effects of the weak viscoelasticity of medium on particle migration in our
microfluidic channel with patterned topography, which can be a very important reference
for the microfluidic application feasibility. The results show that even the concentration
of PEO is as low as 5 part per million (ppm), the particle migration and ultimate
distribution are affected obviously by the addition of PEO polymer additives and the
effects are sensitively associated with the concentration of PEO. Furthermore, it is
observed that the biological fluids, such as blood plasma and fetal bovine serum (FBS)
exhibit similar viscoelastic effects as that of the PEO solution. This work is expected to
provide new insights on the importance of ultra-weak viscoelasticity of medium on
particle migration and manipulation in microfluidic devices.
In Chapter 8, the conclusions of this thesis are provided, which summaries the major
findings and contributions of this thesis. The expected future research directions are also
briefly discussed.
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2. Literature Review
2.1.
2.1.1.

Curved microchannel
Spiral microchannel

In the curved microchannel, the transverse secondary flow will be generated because of
the velocity mismatch along the streamline between the fluid near the microchannel
boundary and in the centre. It is analysed that the fluid in the centre area of the channel
possesses a stronger inertia compared with the fluid near the boundary because of the
Poiseuille velocity profile. As a result, the fluid in the centre tends to migrate to the outer
sidewall of the channel. A pressure gradient arises in the radial direction and the flow
originally locating at the outer boundary will also move inward establishing two counterrotating vortices in the enclosed microchannel (Figure 2-1(a)) [12]. This geometryinduced transverse secondary flow is also referred to the Dean flow.
The spiral microchannel is the most widely-used curved channel and it was first
developed for different particle manipulation applications. The curvature of the spiral
microchannel is constant to a single direction so that the generated Dean vortices at
different cross sections within the spiral microchannel are nearly the same as well. It is
available to predict the superposition effects of the inertial migration and induced Dean
flow (Figure 2-1(b)). In particle migration regime of the spiral channel, the Dean flow
drag force will force the buoyant particles to follow the flow of Dean vortex. With the
moderated ratio between the inertial lift force and the Dean flow drag force, particles are
able to be concentrated on the new modified equilibrium positions [28].
The Dean flow within the spiral microchannel was originally employed to perform the
mixing functionality through increasing the interfacial area for diffusive mixing [33-35].
Howell et al. proposed the microfluidic mixer using the spiral microchannel [34]. The
curved structure disturbed the flow field within the microchannel, and a pair of counterrotating vortices were observed at the Reynolds number between 1 and 10. Besides, the
mixing effects were found to be improved as the applied flow rate increase. And the
aspect ratio of the microchannel would influence the mixing performance as well that the
low aspect ratio (0.5) strongly suppressed the vortex formation. On the other hand, the
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Dean vortex within the spiral microchannel has been explored extensively for the particle
ordering and sorting, and many works have been reported [36]. Yoon et al. reported that
a size-based particle separation could be implemented by the assistance of strong Dean
vortex in the transverse direction using a curved spiral microchannel [36]. The particle
separation mechanism was explained through the numerical simulation of the flow field
within the cross section of the spiral microchannel. Shown in Figure 2-2(b), it is known
that, in the laminar flow regime, particles within the microchannel would move following
the direction of the fluid flow and the magnitude of the drag force exerted was also
proportional to the dynamic viscosity and flow velocity. And the large size particle whose
size was 0.72h would be guided by the secondary flow in the centre area to the outward
direction, while the small size particle whose size was 0.27h would be pushed by the
boundary Dean flow to the direction of the inward sidewall.

Figure 2-1 (a) In inertial microfluidic regime, the inertia of fluid is non-negligible. The curved microchannel
will generate a transverse disturbing flow within the cross section of the channel. The disturbed flow is two
counter-rotating vortices [12]. (b) The flow field simulation of the spiral microchannel cross section. The
situation of the superposition of inertial lift force and Dean flow drag force within the cross section of the
spiral microchannel is analysed by the flow field simulation. According to the experiment results, the
presumed modified stable and unstable equilibrium positions are depicted. It is noted that the cross section
geometry here is the square, and a different geometry cross section of the spiral microchannel is expected
to have the different equilibrium positions for the particles [28].
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Figure 2-2 (a) Schematic drawing of the three-dimensional focusing of co-flow streams in the planar spiral
microchannel with the assistance of Dean vortices. The initial stream is first wrapped by the counterrotating Dean vortices with the assistance of the vertical sheath flow and then pinched by the horizontal
focusing sheath flow [43]. (b) Within the cross section of the spiral microchannel, it is found that the large
size particle will interact with the disturbed Dean vortices in different regions and the small size particles
will interact with the local Dean flow. As a result, different equilibrium locations are realised and available
for the size-based particle separation [36].

The spiral microchannel has been also developed for the applications of particle
focusing and separation etc [37-42]. Mao et al. reported that a three-dimensional
hydrodynamic focusing in a planar spiral microchannel with the assisted sheath flow [43].
The microfluidic drifting manipulation device possessed four inlets for the sample and
sheath flow. Dean vortices were employed to transform the vertically co-flow streams
into horizontal streams. And the additional pair of sheath flow to pinch the horizontal
streams for the three-dimensional particle focusing (Figure 2-2(a)). Besides, Bhagat et al.
further developed their group’s three-dimensional hydrodynamic focusing method in the
spiral microchannel for the application of a microscale flow cytometer using the principle
of Dean flow coupled inertial microfluidic single ordered particle focusing [37]. As the
powerful single-cell analysis tool, the commercial flow cytometer was normally bulky
and expensive. The spiral microchannel design took advantage of the Dean flow drag
force and inertial lift force to focus the particles in the three-dimensional spatial condition.
With the laser-induced fluorescence module integrated, the on-chip flow cytometer
system could offer a high throughput of 2100 particles/s. Besides the cell focusing,
tumour cell separation and enrichment have attracted great attention because of the
important biomarker potential of the CTCs in clinical diagnostics. Sun et al. [42] proposed
the double-layered spiral microfluidic channel to continuously isolate the tumour cells
from the blood sample. The throughput of this on-chip method could be comparable with
the conventional macroscale technology reaching up to 2.5×108 cells/min and the
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isolation efficiency could be more than 90% as well when the Hela cells were mixed
within the 20× diluted blood samples.
Besides, Wu et al. proposed the novel spiral microchannel with the trapezoidal cross
section to separate polymorphnuclear leukocytes (PMNs) and mononuclear leukocytes
(MNLs) from the diluted blood sample (Figure 2-3(a)). Although the Dean flow has been
employed to assist the particle manipulation performance in the spiral microchannel, the
throughput was not considerable compared with other passive methods. For the first time,
through optimizing the parameter of the channel cross-sectional geometry, we could
achieve an improved inertial microfluidic separation platform using the serpentine
microchannel (the resolution and efficiency was >80%). Guan et al. investigated the
particle focusing mechanism within the spiral microchannel with the trapezoidal cross
section [44]. Through the CFD simulation, it is demonstrated that the trapezoidal cross
section of the spiral microchannel could generate the stronger Dean vortex at the outer
side, where the small size particles would be trapped at the high Reynolds number. On
the contrary, the large size particles tended to locate on the equilibrium position near the
inner side (Figure 2-3(c)). At the same time, the particle migration and distribution were
greatly influenced by the parameters of particle size and the Reynolds number.
Accordingly, a higher resolution and throughput of the particle separation strategy was
available. Moreover, Warkiani et al. reported an ultra-fast, label-free CTCs isolating
inertial microfluidic device using the spiral microchannel with the trapezoidal cross
section. The stronger Dean vortex trapped the small size hematologic components while
the large size CTCs were concentrated on another equilibrium position to the opposite
direction. In the validation experiment, the cancer cell line cells could be isolated from
7.5 ml blood sample within 8 min for a high purity over 80% (400-680 WBCs counts/mL,
~4 log depletion of WBCs).
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Figure 2-3 (a) Schematic illustration of the novel spiral microchannel with a trapezoid cross section. With
the employment of the trapezoid cross section, the large particles (WBCs) will migrate to the inner side of
the microchannel, while the small size particles (RBCs) will be trapped at the outer side of the microchannel
by the stronger Dean vortex at the high Reynolds number. (b)-(c) At the moderated flow condition, large
size particles (10 µm) and small size particles (6 µm) are concentrated at their equilibrium positions. In the
spiral channel with rectangular cross section, the positions overlap each other, which brings inconvenience
to the particle separation. However, in the spiral channel with the trapezoid cross section, the equilibrium
positions of both size particles are isolated so that it is available for the size-based particle separation [44].

2.1.2.

Serpentine microchannel

Different from the spiral microchannel, the curing direction of the serpentine
microchannel is not constant, which makes the investigation and analysis of the disturbed
flow field much more complicated. It is difficult to predict the particle behaviour or
migration within the unstable flow field in the serpentine microchannel. As a result, the
research on the serpentine microchannel was conducted a little slowly compared with the
spiral microchannel, and the interpretation of the different particle migration phenomenon
in the serpentine microchannel and the corresponding mechanism is inconsistent by
different researchers [27].
The group of Di Carlo first focused on the research of the inertial effects on the particle
migration and distribution in the serpentine microchannel (Figure 2-4) [28]. In this work,
two types of serpentine microchannels were employed to investigate the particle
migration with the assistance of Dean flow. In the symmetric serpentine microchannel,
particles were observed to be focused at two side equilibrium positions instead of the four
equilibrium positions centred to each sidewall in the straight channel. With the continuous
increase of Dean number (De), the two particle equilibrium positions were merged into
one single streamline in the centre (shown as Figure 2-4(b)). On the other hand, in the
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asymmetric serpentine microchannel, particles were able to be focused at one streamline
in the centre of the serpentine microchannel, and this equilibrium position would separate
to two side streamlines as the increase of Dean number (Shown as Figure 2-4(c)). For the
particle migration, the balance between inertial lift force and Dean flow drag force
determined the number and location of particle equilibrium position within the
microchannel. The flow condition within the microchannel and the size ratio of particle
to the channel were the critical parameters in this process. Moreover, the effects of
particle shape and density were experimentally studied as well. Based on this fundamental
research, Di Carlo et al. developed a rapid particle separation and filtration microfluidic
platform by the differential inertial particle focusing at moderated Dean number using the
asymmetric serpentine microchannel (Figure 2-4(d)) [45]. The large size particles could
be focused at one streamline with the adjustment of the asymmetric Dean flow, while the
small size particles could not be focused and dispersed randomly within the microchannel
due to the low size ratio between the particle to channel. For the separation results, the
purity of the small size particle collected was more than 90%, however, the small size
particle recovery rate was relatively low and the purity of filtrated large size particle was
also not good as some small size particles were mixed within.
Zhang et al. have comprehensively investigated the particle inertial migration and the
corresponding theory in the serpentine microchannel as well, and developed the practical
biological applications using the proposed mechanism [46-49]. The particle migration
mechanism was explained by the superposition of the Dean flow drag force and particle
centrifuge force, which was not consistence with the previous study (Figure 2-5) [46]. In
the low aspect ratio microchannel (0.2), the mixing effects of the rotating Dean flow was
weakened, while the Dean vortex was expected to benefit the particle focusing instead.
Shown as Figure 2-5(c)-(d), the centrifuge force and Dean flow drag force would push
the particles to the outer side of the microchannel at every corner, and, following the
change of the corner direction along the serpentine microchannel, the buoyant particles
would be exerted by the adverse forces correspondingly. Finally, after travelling enough
length of the microchannel, particles could be balanced on a new equilibrium position in
the centre of the microchannel (Figure 2-5(b)). In summary, Zhang et al. systemically
investigated the effects of various parameters, including the particle size, microchannel
geometry, fluid viscosity and the flow conditions on the particle migration. It is found
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that particle-blockage ratio, channel geometry, cross-sectional aspect ratio and Reynolds
number would affect the particle focusing performance greatly. The scaling parameter
and single optional map for different particle focusing patterns were offered. This work
could be the available practical design guide for the particle separation application using
the serpentine microchannel.

Figure 2-4 Particle migration within the symmetric and asymmetric serpentine microchannel. (a) Particle
migration and final distribution within the symmetric serpentine microchannel. The particle migration will
be influenced by the change of Dean number. (c) Particle migration and final distribution within the
asymmetric serpentine microchannel. The formed equilibrium position condition is different compared with
that in the symmetric serpentine microchannel [28]. (d) Based on the difference of the equilibrium position
of the large and small particles at the specific flow condition, the application of continuous particle
separation and filtration can be realised [45].
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Figure 2-5 Particle focusing within the symmetric serpentine microchannel [46].. (a) Schematic of the threedimensional inertial particle focusing within the serpentine microchannel. (b) Simulated particle trajectories
of the inertial migration through the effects of the centrifuge force and Dean flow drag force. (c) The
external forces exerted on the buoyant particles. In this research, the inertial lift force is ignored, but the
centrifuge effects and Dean flow drag force are critical to the particle focusing performance. (d) Schematic
diagram of the centrifuge effects on the particles travelling along the corner of the serpentine microchannel.

2.2.
2.2.1.

Straight channel with expansion-contraction cavity array (ECCA)
Single-layered microchannel with expansion-contraction cavity array
(ECCA)

In addition to the curved microchannel (with the spiral and serpentine component), the
microchannel with expansion-contraction cavity array (ECCA) is another type of widelyused device in inertial microfluidics, which takes advantage of the induced secondary
flow for the particle manipulating functionality. Compared with the spiral or serpentine
microchannel, the ECCA microchannel generates the secondary flow (Dean vortex)
through the abrupt change of the cross section. The group of Park focused on their
research on the investigation of the Contraction-expansion array (CEA) microchannel for
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different particle manipulating applications. First Lee et al. employed the CEA
microchannel to mix two different flows by the centrifuge effects in the microchannel
[50]. The generated Dean vortex enabled the continuous splitting and redirecting of fluid
streams in the region of expansion and contraction structure. Shown as Figure 2-6(c), the
fluorescent stream flow wrapped another flow repeatedly as going downstream, which
could increase the interfacial area of two flows. Furthermore, with the assistance of single
sheath flow, Lee et al. proposed a three-dimensional particle focusing method using the
CEA microchannel [51]. Within the microchannel, the centrifuge effects of the crosssectional change induced the Dean vortex in order that the sample flow with particles or
cells could be wrapped by the sheath flow forming the three-dimensional focusing.
Besides the particle mixing and focusing, the CEA microchannel has been also
demonstrated to separate the particles based on the size difference [52]. In the research of
focusing and mixing, the Dean flow effects were expected to be dominant on the particle
migration, while the inertial lift force could be ignored because of the relatively low
Reynolds number. However, in the application of particle separation, both the inertial lift
force and Dean flow drag force played the important role to achieve the force balance and
guided different size particles to their corresponding equilibrium positions (Figure 2-6(a)).
Shown as Figure 2-6(b), the Dean flow emerged within the cross section of expansioncontraction channel, and the direction of the circulation mainly pointed to the S2 direction,
which was to the opposite direction of the inertial lift force. As a result, the large particles
would be dominated by the inertial lift force and migrated to the S1 sidewall, while the
small size particles would be dominated by the Dean flow drag force and migrated to the
S2 sidewall. At 14.5 ml/h, 10 µm and 4 µm particles could be effectively sorted by this
method. At the same time, this proposed microchannel was available for the application
of carrier medium exchange, which was important for the biochemical assays. Moreover,
the CEA microchannel has been developed to separate the blood cells from the blood
sample to achieve the pure plasma and filtrate the rare cancer cells from the blood sample
by the size-based particle migration mechanism [53, 54]. And with the assistance of
sheath flow, the proposed versatile CEA microchannel has been demonstrated to be able
to deal with the whole blood sample.
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Figure 2-6 Investigation and development of the CEA microchannel. (a) Schematic diagram of the particle
separation in the CEA microchannel. The introduced sheath flow pushes the small and large particles to the
sidewall S1. And the obstacles will induce the Dean vortices and exert the transverse drag force upon the
particles. At the moderated flow condition, the unbalanced inertial lift force and Dean flow drag force will
push the particles to the opposite directions realising the particle separation [52]. (b) The finite element
simulation results of the disturbed flow field within the contraction microchannel. The complete circulating
Dean vortices are shown by the arrow symbols [52]. (c) Fluorescent micrograph of the mixing process of
two parallel flows across the CEA microchannel. The enlarged insets show that the mixing effects are
qualified after six and twelve units of the CEA structure. The flow rate of both flow streams is 5 ml/h
(Re=7.2) here [50]. (d) Carrier solution medium exchange using the proposed CEA microchannel. At the
flow rate of 13 ml/h, the 10 µm particles can be removed from the original medium and collected within
the sheath flow medium at the branch outlet instead [52].

However, the sheath flow still brings about the operation burden to the researchers and
complicates the microfluidic platform flow control. Park et al. reported a sheathless
particle manipulation method using the double-sided expansion-contraction cavity array
microchannel [55]. The particles were expected to be affected by the inertial lift force and
turbulent secondary flow, and the particle Reynolds number (Rep) was the critical
parameter for the equilibrium position. The multi-orifice microchannel could focus
particles at two equilibrium positions on both sidewalls with the Rep ranging from ~0.8
to 2.3 and on the centreline with the Rep ranging from ~3.0 to 3.5. Here the particle
equilibrium position was found to be affected by the particle size and flow condition. In
experiments, at Reynolds number 63-91, the large size particles (15 µm) were focused on
the equilibrium position at the centreline, while the small size particles (7 µm) were
located on the equilibrium positions on both sidewalls (Figure 2-7) [56]. This size-based
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microfluidic particle manipulation method was called as multi-orifice flow fractionation
(MOFF). Furthermore, Sim et al. proposed a multi-stage multi-orifice flow fractionation
(MS-MOFF) device involving three multi-orifice segments with three inlets, three filters,
three multi-orifice segments and 5 outlets to improve the recovery and reduce the loss of
purity through repeat retreatments of the particles. The Reynolds number in every MOFF
segment was constant according to the value achieved and the obtained recovery was
found to increase 88.7% with the 89.1% purity for 15 µm particles.

Figure 2-7 Continuous size-based MOFF particle separation using the multi-orifice microchannel with
expansion-contraction cavity array [56]. (a) The different size particle distribution at the flow rate of 100
µl/min (Re=70). As shown, the 2, 7 and 15 µm particle is depicted as blue, green and red fluorescence,
respectively. 15 µm particles are located on the centreline of the channel; 7 µm particles are located on the
sidewalls of the channel and 2 µm particles spread randomly within the microchannel.

Hur et al. presented a sheathless particle isolating method using the ECCA
microchannel [57]. Using the proposed inertial microfluidic device, the large target
particle or cell could be isolated into the microscale cavity from the heterogeneous
solutions (Figure 2-8), and this reported microfluidic device was called as Centrifuge-ona-chip. The particles would be focused first in the high aspect ratio microchannel through
the inertial migration. When particles travelling through the expansion structure, the shear
gradient lift force would push the particles to the direction of expansion. Because the
gradient lift force was proportional to the size of the particle, the large size particle could
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migrate deeper to the expansion cavity and trapped by the microvortex. Finally, at the
moderated flow condition, particles could be maintained within the vortex with the
external force balance [58]. In the massively parallel rare cell capturing applications, the
capturing efficiency of the channel network was higher than 25%, as each cavity could
trap 11 to 25 cells, which would be affected by the cell size (Figure 2-8(b)).

Figure 2-8 Particle isolation using the “Centrifuge-on-a-chip” (a) Schematics of the particle trapping in the
ECCA microchannel. With the balance of shear gradient lift force and wall lift force, large and small size
particles can migrate to the equilibrium positions near the sidewalls firstly. The disappearance of the
sidewall repeals the wall lift force, and the shear gradient lift force will continuously push the particles to
the direction of the cavity [57]. (b) The massively parallel rare cell isolation from the diluted blood sample.
As shown, the capturing efficiency and enrichment ratio of MCF7 is better than that of HeLa cells because
of the large size (HeLa cell, ~12.4 µm; MCF7, ~20 µm) [58].

The “Centrifuge-on-a-chip” device can selectively trap, isolate the rare cell based on
the size difference from the background particles. And the selecting sensitivity of this
method has been believed to be one of the most precise manipulation methods [59]. The
fundamentals of the manipulation mechanism and process have been comprehensively
investigated, and the applications of isolating cancer cells from the blood sample [58, 60]
and the pleural fluids [61]. However, due to the limited capacity of the trapping cavity,
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the total number of the target cell obtained is normally no more than the level of hundreds
even for the massively parallel procedures. So it is difficult to process the large volume
samples. To solve the problem of limited capacity, Wang et al. presented the vortex-aided
inertial microfluidic particle separation method using the siphoning channel with
symmetric expansion chambers on both sides (Figure 2-9(b)) [62]. Particles would be first
initially focused on the sidewalls of the microchannel because of the high aspect ratio
cross section. And the abrupt cross-sectional change could generate the vortices to siphon
the particles into the expansion chambers. Large size particles would receive a stronger
shear gradient lift force directing to the expansion chamber and be trapped into the
chambers easily, while the small size particles still remained within the mainstream. Then
the siphoned large size particles would be guided by the sheath flow within the chamber
and released through the side outlets, while the small size particle would be collected
from the main outlet merely (Figure 2-9(c)). Although this proposed microchannel only
consisted of one pair of siphoning side chambers for the selective isolation functionality,
it possessed the fascinating advantages of simple design, small footprint, ease of
paralleling and one-step operation. In the experiment, the extraction efficiency for PS
particles and particle-blood isolation reached up to 90% and 86%, respectively, which
was much better compared with the Centrifuge-on-a-chip system, and the target selective
particle’s size could be as low as 2 µm. Based on this vortex-assisted inertial microfluidic
particle isolation mechanism, the group of Papautsky developed the size-based
microfluidic multimodal particle sorter using the high aspect ratio straight microchannel
with multiple pairs of expansion-contraction side chambers (Figure 2-9(a)) [63]. The cutoff size of each section in the microchannel could be modulated easily through the change
of the flow rate and fluidic resistance network within the channel. As a result, the multisize particle sorting capability of this proposed microfluidic device was greatly improved
and the isolation of complicate components in the heterogeneous solutions could be
realised. In this work, the three different size particles could be respectively separated by
two steps in the microchannel with a high resolution with the high-throughput manner
(shown as Figure 2-9(d)). This versatile inertial microfluidic technology promised a great
integrating ability within the comprehensive detection system serving as the feasible onchip sample processing and preparation tool.
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Figure 2-9 Vortex-aided inertial microfluidic particle separation method using the straight channel with
double-sided expansion-contraction cavity array. (a) Schematic of the inertial microfluidic channel used.
Different size particles in the ternary particle solutions can be sorted by two sets of characteristic expansion
chambers based on the moderated vortex and shear gradient lift force [63]. (b) Schematic illustration of the
vortex-aided inertial particle selective trapping in the top view. The microvortex is generated because of
the side chambers. And the large size particles will migrate into the chamber because of the stronger shear
gradient lift force and the assistance of the geometry-induced microvortex, and then guided by the sheath
flow along the sidewall of the expansion chamber to the side outlet. On the other hand, the small size
particles are still restricted in the mainstream and collected in the main outlet. (c) Normalized histogram of
the different size particle selection by the vortex-assisted inertial lift force. The flow condition is 110 (Re)
[62]. (d) In the size-based particle sorting experiment of the ternary particle solutions, the 21 µm, 18.5 µm
and 15 µm particles are separated successfully and the corresponding purity achieved is 38%, 29.3% and
32.7% respectively [63].

2.2.2.

Double-layered

microchannel

with

nonrectangular

expansion-

contraction cavity array (ECCA)
Although the majority of the microchannel cross section is restricted to the rectangle, the
microchannel can be designed as multi-layered geometries and still compatible with the
planar limitation. So it is possible that the cross section of the microchannel can get out
of the rectangular shape limitation. Accordingly, the recent research based on the doublelayered microchannel with nonrectangular expansion-contraction cavity array is
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developed taking advantage of the secondary flow which is distinct from the curvatureinduced Dean flow to manipulate the suspended particle within the microchannel.
Firstly, Stroock et al. presented the microchannel with the ridges placed on the floor at
an oblique angle of 45º with respect to the channel length direction [64]. In this work, the
asymmetric expansion-contraction cavity structure was readily fabricated through a twostep standard photolithography technology, which was a compatible and available choice
for microfluidics. It is shown that the transverse secondary flow was generated within the
microchannel cross section due to the pressure gradient and the mainstream was travelling
helically because of the anisotropic effects (Figure 2-10(a)-(b)). It is noticed that the
amplitude ratio of the expansion ridge to the straight channel was 0.3, and the generated
secondary flow is almost entirely performed within the straight channel while the flow
field in the expansion-contraction ridge structure was relatively weak and could be
ignored. Then, shown as the confocal images of the disturbed flow field within the
microchannel cross section (Figure 2-10(c)), the angular displacement of the fluorescent
secondary vortex was nearly the same at the flow condition, Re<1, which mean that the
secondary flow shape would not change at Stokes flow condition. Accordingly, a
staggered herringbone mixer (SHM) was presented, and the length required of the
microchannel for the fluid mixing could be decreased to one hundredth compared with
the straight microchannel without the assistance of secondary flow stirring effects.
Besides the staggered herringbone mixer (SHM), the slanted groove mixer (SGM) is
another popular design and involved in many microfluidic mixer platforms [65-68]. As a
result, the theory and mechanism of the flow felid distribution deflected by the expansioncontraction structure is significant to the optimization design of the SHM and SGM
microfluidic mixer. The parameters of groove depth, groove spacing, width fraction of
the long arm and the ratio of channel width to height etc. were comprehensively studied
experimentally and theoretically by researchers [69-72]. Lynn et al. conducted over 700
cases of the slanted groove microfluidic mixer to investigate the effects of various groove
geometry parameters (channel aspect ratio, grove depth ratio and groove length) on the
magnitude of the generated secondary flow vortex [73]. It is shown that the spacing size
of the expansion-contraction groove structure could affect the magnitude of the helical
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flow greatly in the SGM device. Meanwhile, the optimized groove spacing size was
dependent on the channel aspect ratio and groove depth ratio as well.

Figure 2-10 Secondary flow within the microchannel with oblique ridges on the top surface [64]. (a)
Schematic diagram of the generated secondary flow within the double-layered microchannel with the
anisotropic cross section. The chaotic stirring effects of the secondary flow is depicted by two flow
trajectories in red and green, respectively. And the inset below is the schematic of the geometry-induced
secondary flow within the microchannel cross section. (b) The top view optical image of the microchannel.
It can be observed that the two injected fluid flow (red and green) from two separated inlets are mixed
rapidly. (c) Confocal graph of the microchannel cross section. The fluorescent fluid trajectory depicts the
stirring effects on the laminar fluid flow and the angular displacement of the transverse vortex can be
estimated.

In addition to the microfluidic mixer platform utilizing the chaotic stirring flow, the
double-layered microchannel with tropology groove pattern can be used to manipulate
the particle migration in the microchannel as well, which is critical to the biological assays
and clinical diagnostics. Hsu et al. proposed a microvortex manipulator (MVM) to
passively focus the particles and cells, and further developed the mechanism to separate
the binary particle solutions with different density particles (the difference can be as low
as 0.1 g/cm3) (Figure 2-11(a)) [74]. The MVM microchannel possessed the fascinating
advantage that the particles could be focused at an arbitrary number of equilibrium
positions within the customized scalable MVM microchannel. In the MVM system, the
microchannel with the topographical pattern on the top surface could deflect the fluid
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laterally along the expansion groove structure. On the other hand, because of the
conservation of mass, at the bottom part of the microchannel (far from the groove
structure), the fluid recirculated to the opposite direction forming a closed secondary flow
vortex within the cross section of the microchannel (Figure 2-11(b)). Figure 2-11(c)
shows that, in the transverse direction, three forces were exerted on the suspended
particles, including the secondary flow drag force, buoyant force and the gravitational
force guiding the particles to the corresponding equilibrium positions at the interfaces of
adjacent microvortices. The secondary flow drag force countered with the buoyant and
gravitational force on the particle Shown as Figure 2-11(e), H1650 cells whose density is
larger than the PBS buffer solutions were successfully focused in the thirty parallel MVM
microchannel at the modulated flow condition.

Figure 2-11 Particle focusing and separation by MVM [74]. (a) Finite element simulation of the 3D MVM
microchannel model. The input velocity is 5.8×10-6 m/s. (b) Simulation of the flow field within the cross
section of the MVM microchannel. The secondary flow is generated due to the pressure gradient in the
streamwise direction. Insets aside are the flow velocity profile achieved. (c) Schematic of the particle
equilibrium positions within the microchannel based on the particle density compared to the medium. If the
target particle density is less than the medium’s, the particles are guided to the equilibrium position near
the groove structure where the drag force and gravitational force are stronger enough to balance the buoyant
force. On the contrary, the particle’s equilibrium position is near the microchannel bottom where the
buoyant force and drag force balance the gravitational force. (d) Top view of the focusing pattern of
particles with different density in MVM. (e) Fluorescent trajectories of H1650 cell focusing at the Reynolds
number of 0.012.
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Bernate et al. proposed a density- and size-based particle separation method with nearly
100% efficiency using the microchannel with a slanted open cavity patterned on the
bottom surface. In experiments, the height ratio of the microchannel and slanted groove
structure was ~10 [75]. The disturbed structure inside the microchannel deflected the
original mainstream into the open structure (Figure 2-12(b)) due to the transverse pressure
gradient, and the flow was guided to move along the slanted groove direction. Then, the
particles whose density were light and could be ignored were able to be retained by the
flow in the mainstream direction, while the heavy particles would sediment deeper into
the groove cavity and deflected by the disturbed flow field moving along the slanted
groove oblique direction. Meanwhile, the large size particle was expected to receive a
stronger secondary flow drag force and could be sustained in the mainstream flow, but
the small particles could be much more easily to be trapped within the microchannel
(Figure 2-12(c)). It is mentioned that there was the flow rate limitation of this method
(≤0.01 cm/s) so that the particles should have enough time to be pulled and sediment into
the slanted groove cavity.

Figure 2-12 Density- and size-based vector particle separation in the microchannel with slanted open
cavities [75]. (a) Schematic of the presented microchannel with slanted groove obstacles on the bottom
surface. (b) Two types of slanted groove structures are used in the experiments. The groove width and
spacing are 10 or 24 µm, and the corresponding heights are 50 and 100 µm, respectively. As a result, the
flow field adjacent and inside the expansion groove structure is deflected and guided to follow the grove
oblique direction. (c) Different size particles’ trajectories within the microchannel due to the flow filed
deflection. It is shown that the small size particles (10.11 µm) are deflected by the helical flow and sediment
inside the cavity, whereas the large size particles (20.9 µm) are still travelling along the mainstream
direction without the sedimentation phenomenon observed.

Choi et al. reported a stacked microchannel fabricated by two PDMS channels with
slanted disturbance obstacles which could generate the lateral pressure gradient to
manipulate the particles to corresponding equilibrium positions according to the size
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(Figure 2-13(a)) [76]. Here, the height of the slanted obstacle is half of the microchannel
height. In the microchannel, the slanted obstacles on the top and bottom surface could
generate the transverse pressure gradient, which would induce the helical flow. There was
the sequence of deviation, upward, focusing and downward flow for both two circulation
secondary flows generated by the obstacles on top and bottom. First, large and small size
particles could be focused on one sidewall of the microchannel taking advantage of the
bottom slanted groove effects. Then, in the microchannel with both bottom and top
slanted grooves, the large size particles could be restricted at the original equilibrium
position because of its comparable size to the open cavity space, while the small size
particles shifted upwards to the centre area of the microchannel due to the lateral pressure
gradient, and oscillated following the disturbed flow field. The innovative particle
migration phenomenon was investigated by the simulation software. And the results show
that the pressure was lowest near the particle focusing equilibrium position, while the
pressure is higher to the other side of the microchannel, which drives the particles
gradually migrating to the focusing region. This particle manipulation method was called
“hydrophoresis” by Choi’s group. Furthermore, the hydrophoretic separation of 12 and 9
µm particles was demonstrated by the proposed microfluidic device, and it is noticed that
the concentration of particle could influence the separation performance greatly because
of the particle-particle interaction.
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Figure 2-13 Continuous size-based hydrophoretic particle manipulation method in the microchannel with
slanted grooves on both the top and bottom surface [76]. (a) Schematic drawing of the hydrophoretic
particle manipulation method in the proposed microchannel. In the top view, the slanted groove on the
bottom surface is represented by the shaded quadrangle and the slanted groove on the top surface is
represented by the lined quadrangle. In the side view, it can be seen that the pressure-generated secondary
flow circulates clockwise and counter-clockwise for the bottom and top slanted grooves, respectively. (b)
Disturbed flow field simulation within the channel’s cross section. The initial flow rate is set at 0.1 µl/min.
(c) The 12 and 9 µm binary particle solutions can be separated by the hydrophoresis at the flow rate of 1
µl/min.

In the above-mentioned particle manipulation microfluidic devices using the doublelayered microchannel with anisotropic disturbed obstacles, the mechanism is that the
pressure gradient-generated helical flow (secondary flow) can deflect, chaotically mix or
counteract with other hydrodynamic forces to manipulate the suspended particles for the
application of mixing, focusing and separation. However, there is the requirement that
the flow rate (Reynolds number) is restricted to a relatively low level to get rid of the
inertial effects, which reduces the throughput of the microfluidic device as well. Song et
al. deeply investigated the original hydorphorestic particle manipulation method with the
effects of inertial microfluidics [77]. Through validation experiments (Shown as Figure
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2-14), the particles would be sorted according to the size difference at the low Reynolds
number using the hydrophoretic particle sorting, while all size particles were concentrated
to a new equilibrium position near the centre of the microchannel at the high Reynolds
number under the coupled-effects of hydrophoresis and inertia. As a result, it is available
that the proposed versatile passive microfluidic platform was able to realize multifunction of cell sorting and cell focusing applications without the requirement of changing
new microfluidic device through simple modulation of a suitable flow rate (Reynolds
number). Otherwise, the group of Choi have further developed the applications of blood
cell separation [76], sheathless cell focusing [78], stem cell rolling [79] and cell cycle
synchronization based on the steric interaction between the suspended particles and
groove structures of the hydrophoresis [80]. At the same time, Kim et al. and Song et al.
respectively presented the microfluidic device called “smart pipette” for the application
of particle ordering and blood plasma extraction without the requirement of any external
supporting equipment [81, 82]. These innovative platforms took advantage of the
hydrophoretic particle manipulation theory and could be powered by the facile
interconnected laboratory pipette based on the flow rate-insensitive feature. The
throughput of the “smart pipettes” reached up to 1.63×106 cells/s with the recovery of
99.3% for the diluted blood sample and 12.1 µl/min with the plasma yield of 12.3% for
the whole blood sample, respectively.

Figure 2-14 (a) Schematic diagram of the multi-functional hydrophoretic microfluidic device. The
randomly distributed particles at the inlet can migrate to corresponding equilibrium positions at moderated
Reynolds number (high and low). (b) The optical images of the achieved 15.6 and 12.4 µm particles’
equilibrium positions at the Reynolds number of 2.4 and 33.9. (c) The corresponding particle distribution
along the channel width [77].
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However, based on the research results of hydrophoresis, it has been demonstrated that
the particle size must be larger than half of the microchannel height so that the
hydrophoretic steric effects can manipulate the particles effectively. And the open cavity
spacing should be larger than the particle size to prevent the clogging and not too large
as well, otherwise the particles will be trapped into the groove structures. Sheng et al.
found that, with the assistance of the active functional field (dielectrophoresis and
magnetophoresis), the manipulation performance of the hydrophoretic microfluidic
device could be greatly improved and the particle size limitation could be relaxed. In
addition, the relatively low Reynolds number working condition of hydrophoretic devices
compared with other typical passive methods enables enough retention time for the
particles in the magnetic field or electrical field as well. Sheng et al. employed the
dielectrophoresis (DEP)-active hydrophoretic microchannel to extract the plasma from
the diluted blood sample with a relatively high-throughput [83]. Shown as Figure 2-15(a),
the interdigitated electrodes were embedded under the hydrophoretic double-layered
microchannel with arc-shaped groove arrays. And the dielectrophoresis would generate
negative DEP force on the travelling particles and pushed them to the open cavity adjacent
area. As a result, the small size particles which originally could not be focused by the
steric helical flow field were observed to be concentrated successfully. With the
modulated voltage, the negative DEP force helped the blood cells (RBCs, WBCs and
platelet) to be focused within the proposed microchannel, and the throughput was 10
µl/min with the plasma purity of 94.2%. Furthermore, applications of rapid particle
ordering, size- and magnetism-based continuous particle filtration and separation etc.
were developed based on the improved hybrid hydrophoretic particle manipulation
approach [83-85].
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Figure 2-15 Hybrid hydrophoretic particle manipulation device [83]. (a) Schematics of the DEP-active
hydrophoretic microfluidic channel used in the blood plasma extraction experiment. It can be seen that,
with the assistance of negative DEP force, the randomly dispersed particles could be restricted to the area
adjacent to the open cavity structure, where the steric helical flow is stronger. (b) Particles with the size of
3 and 10 µm were able to be filtrated from the medium at the flow rate of 15 µl/min applied with an external
voltage of 20 V. (c) At the flow rate of 10 µl/min, the optical images of the microchannel shows that the
blood cells can be filtrated from the plasma with the assistance of 20 V voltage applied. At the outlet, all
blood cells are focused on both sides of the microchannel, and the purified blood plasma is collected from
the centre outlet.

Finally, compared with the typical passive microfluidic particle manipulation device
(e.g. inertial microfluidics and sheath flow), the throughput of hydrophoretic particle
manipulation method is relatively lower. And we can find that for these methods, the
secondary flow induced by the pressure gradient in the anisotropic expansion-contraction
cavity is weak, and all particles are manipulated by this force merely. As the increasing
of Reynolds number, particles are expected influenced by the inertial effects and the
helical flow field effects on the target particles might be weaker as the particles will travel
through the groove structure rapidly. Then, Chung et al. employed a double-layered
ECCA microchannel which consists of a low aspect ratio straight channel and the
orthogonally located expansion-contraction stepped groove array on the top surface
taking advantage the geometry-induced secondary flow to focus the particles in a single
streamline (Figure 2-16(a)) [86]. The microchannel could work at the Reynolds number
of 83.33 to focus the 9.9 µm particles on the equilibrium position, which promised a
fascinating high throughput. The secondary flow within this microchannel was generated
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based on the inertia of fluid. Shown as Figure 2-16(b), the compared simulations of the
induced secondary flow at Stokes flow (Re=0.2778) and inertial regime (Re=83.33) were
significantly different in the aspect of magnitude. The secondary flow at the inertial
regime was strong enough to guide the particle migrates laterally to the new single-stream
focusing pattern, while the secondary flow in Stocks flow was too weak to guide the
particles. And this inertial microfluidic device has shown versatile particle focusing
performance on the manipulation of different size polystyrene particles (7.9, 9.9 and 13
µm) and biological cells (Jurkat and MCF7 cells) as a single streamline located in the
centre of the microchannel.

Figure 2-16 Three-dimensional, sheathless, and high-throughput microparticle inertial focusing method
using the geometry-induced secondary flow [86]. (a) Schematic diagram of the double-layered stepped
microchannel and the particle focusing mechanism. As shown, the particles will be located on the inertial
equilibrium positions centred to the long walls of the microchannel because of the inertial migration, and
the geometry-induced secondary flow can deviate the particles to the new equilibrium position and the
particles can be balanced by the triple forces (wall lift force, shear gradient lift force and secondary flow
drag force). The right inset is the real microchannel used in the optical image. (b) The disturbed flow field
simulation within the microchannel cross section at the Reynolds number of 83.33 and 0.2778. The arrow
depicts the secondary flow circulating direction and the arrow size is proportional to the magnitude of the
flow field velocity. (c) Sequential snapshot images of the focusing patterns of different size polystyrene
particles and cells. The Reynolds numbers of these five focusing experiments are 83.33. And the
microchannel used possesses 30 step structures.

2.3.

Conclusion

In this chapter, we comprehensively reviewed the inertial microfluidic particle
manipulation technology from the aspects of manipulating fundamentals and the
developed applications. As a passive microfluidic technology, inertial microfluidics
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merely realises the microchannel geometry for the manipulating functionality. So we
classified the inertial microfluidic particle manipulating method based on the
characteristic geometry of the channel employed, including the straight channel, curved
channel and the straight channel with expansion-contraction cavity array. It is
demonstrated that the inertial migration of particles was restricted within the straight
channel, and the various types of geometry-induced secondary flow were able to favour
the achievement of the desired particle manipulation (focusing, separation, filtration and
sorting etc.). Based on these investigated platforms, applications such as blood plasma
extraction, CTCs isolation and medium exchange etc. were successfully conducted. And
many novel inertial microfluidic devices are continuously emerging for the requirement
of the practical applications and the improvement of the functionality of the existing
technologies. Meanwhile, shown as the Figure 2-17, the double-layered microchannel
with nonrectangular expansion-contraction cavity has been demonstrated that it can
generate an anistropic secondary flow which is different from the normal Dean vortex.
This kind of asymmetric geometry-induced secondary flow can only be observed in the
double-layered microchannel. And the different characterised cross-sectional design is
able to customise the secondary flow in the transverse direction to be taken advantage to
manipulate the traveling particles for the functionality. The complicate geometry-induced
secondary flow can be employed to manipulate the particles, however, the study of this
type microchannel is not mature and systematized. As a result, in the following chapters,
we investigate the fundamental theory and potential applications of our proposed doublelayered microchannel with the arc-shaped groove array.
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Figure 2-17 Inertial microfluidic methods using the secondary flow to manipulate particles. Four classic
types of microchannel including the serpentine microchannel, the serpentine microchannel, the singlelayered microchannel with expansion-contraction cavity array and the double-layered microchannel with
nonrectangular expansion-contraction cavity are introduced in this chapter.
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3. High-throughput sheathless and three-dimensional microparticle
focusing using a microchannel with arc-shaped groove arrays*
3.1.

Introduction

The microfluidic technology can offer a label-free cell focusing or enrichment
functionality, which is a necessary step for the applications of counting, detecting and
sorting etc. According to the focusing principle, microfluidic technologies can be
categorized as either active or passive focusing methods. Active microfluidic
technologies include acoustophoresis (AP) [16], dielectrophoresis (DEP) [17] and
magnetophoresis (MP) [18] ,which rely on external fields for their functionalities. The
active microfluidic technologies can offer precise particle manipulation and high focusing
efficiency. Recently, a high-throughput acoustophoresis chip (HATC) has also been
reported to focusing blood cells using a temperature-stabilized standing ultrasonic wave
at the flow rate up to 2 L/h [87]. Most of them, however, still have some shortcomings,
such as the relatively complicated fabrication of introducing the external fields. On the
other hand, passive microfluidic technologies rely entirely on channel geometry and
intrinsic hydrodynamic forces for functionality. Unlike the active approach, the passive
approach always offers a remarkably high-throughput with simple set-ups, in which the
external fields are not required. These characteristics are extremely useful for some
commercial particle and cell focusing applications.
Hydrodynamic focusing using the sheath flow is one of the typical passive focusing
methods which has been widely adopted in recent years [88, 89]. The focusing system of
sheath flow typically introduces two neighbouring buffer streams with high flow rates to
horizontally compress the middle stream containing particles to yield a two-dimensional
focusing plane in a narrow width [90]. So the most on-chip single-layer sheath flow
focusing system can only concentrate particles in 2D format with a high throughput.
Although this problem can be solved using the microfluidic shifting technique to achieve

*

Results of this chapter are published in: Qianbin Zhao, Jun Zhang, Sheng Yan, Dan Yuan, Haiping Du,
Gursel Alici, Weihua Li. “High-throughput sheathless and three-dimensional microparticle focusing
using a microchannel with arc-shaped groove arrays”, Scientific Reports, 2017, 7.
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three-dimensional focusing, the logistically burdensome of sheath flow still cannot be
ignored [91]. Besides the logistical burden, because the fluid inertia can cause an uneven
pressure gradient within the channel, the focusing profile may be distorted by the high
flow rate of the sheath flows and this will obstruct particle focusing as well [86, 92]. As
a result, a sheathless 3D focusing approach with high-throughput is more desirable.
Besides, inertial microfluidics, which relies on particle inertial migration phenomenon
due to the inertia of flow, is becoming an increasingly popular approach [12]. The straight,
serpentine, spiral and ECCA microchannel have been investigated to focusing the
particles. With the assistance of geometry-induced Dean flow, the particles can be
focused on a single streamline. However, other type of secondary flow is raraly studied
and employed to focus the particles because of the complexity and asymmetry [93].
In this chapter, a sheathless, high-throughput and three dimensional particle focusing
device consisting of a low aspect ratio straight channel (AR=0.2) and an arc-shaped
groove array pattern on the surface is presented. In this channel, the secondary drag force
drives the particles to a new equilibrium position with good focusing performance at a
moderate flow rate. Simulation by finite element software is carried out and calculated
numerically to describe the focusing mechanism. This focusing approach has been
demonstrated by a series of experiments on different size particles (10 µm, 13 µm and 24
µm) as well as Jurkat cells. All particles and cells of different sizes focus well at the
moderated flow rates (Reynolds number), and this agrees with the mechanism and
simulations. The effects of groove structure quantity on particle focusing is also discussed
and investigated by observing the performance of particle focusing after traveling through
different number of groove structures. This innovative focusing approach shows good
focusing performance which is useful for many biological and diagnostic devices.
Table 3-1 List of the flow rates of different particle focusing methods
Classification

Method

Active

Acoustophoresis[94]

Focusing mechanism
Standing surface acoustic
waves (SSAW)
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Flow rate

10 µl/min

Externally controlled
dielectrophoresis[95]

positive

0.01 µl/min

dielectrophoresis

Hydrodynamics[91]

Dean flow and sheath
flow

330 µl/min

Inertial microfluidics
in a straight

Inertial migration

140 µl/min

channel[55]
Inertial microfluidics

Passive

in a curved

Inertial migration and
Dean flow

channel[28]
Inertial microfluidics

Secondary flow and

in a step channel[86]

Inertial migration

This work

3.2.
3.2.1.

Secondary flow and
Inertial migration

~20 µl/min

~295 µl/min

~1100 µl/min

Theory
Inertial migration

When particles are dispersed randomly at the entrance of a straight channel, the inertia of
the fluid and particles causes the particles to migrate laterally to several equilibrium
positions within the cross-section of the channel after travelling a long enough distance
[96, 97]. This interesting phenomenon has been widely recognised by the counteraction
of two dominated inertial effects: (1) the shear gradient lift force 𝐹 , originating from the
curvature of the fluid velocity profile and its interaction with the particle, which directs
particles away from the centre of the channel, and (2) the wall lift force 𝐹 , as a result
of the flow field interaction between suspended particles and adjacent walls, which repels
particles away from the wall [98].
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In a microchannel, the inertial lift force exerts onto flowing particles and forms some
equilibrium positions, which is closely related to the geometry of the channel’s crosssection. Due to limitations in microfabrication, the cross-section of most channels utilised
in microfluidic devices is rectangular. When particles traveling in a square straight
channel (AR=height/width=1), they form four equilibrium positions centred at the faces
of the channel at a finite Reynolds number (Figure 3-1(a)) [99]. As the aspect ratio (AR)
decreases, the number of the equilibrium position reduces to two which are located along
the longer faces as the velocity profile varies from a sharp parabolic curve to a blunted
one [86]. As the AR decreases continuously to 0.2, however, the two equilibrium
positions gradually spread out to two relatively wide bands parallel with longer faces of
the channel (Figure 3-1(b)). The particles migrate to the top and bottom of the channel
along shorter faces because the parabolic velocity profile between two longer faces is
sharp, while it is difficult to see the particles focusing along the lonӉger faces with an
extremely weak shear gradient lift force due to the blunt velocity profile between two
shorter faces [46].
When the net inertial lift force 𝐹 exerting on a small rigid sphere (𝑎/𝐻<<1), the lift
force analytical expression is first derived by Asmolov through the method of matched
asymptotic expansions as:[100]
𝐹 = 𝑓 𝜌𝚏 𝛾 𝑎

(3-1)

This expression can be simplified as:
𝐹 = 𝑓 𝜌𝚏 𝑈 𝑎 /𝐻

(3-2)

Re = 𝜌𝚏 𝑈𝐻/𝜇

(3-3)

𝐻 = 2𝑤ℎ/(𝑤 + ℎ)

(3-4)

where 𝜌𝚏 , 𝑈, 𝛾 and 𝜇 are fluid density, maximum velocity, shear gradient and dynamic
viscosity, respectively. 𝑎 is the particle diameter, and 𝐻 is the hydraulic diameter of the
channel (𝑤 is the width and ℎ is the height of the channel). The lift coefficient 𝑓 is a
function of the lateral position of particles 𝑥 and the Reynolds number Re [100, 101]. In
this assumption, although such a breakdown is unconventional because of the unpractical
unbounded parabolic velocity profile, the separation of the effects induced by the
curvature of the undisturbed velocity profile and the wall lift force is available and reliable.
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3.2.2.

Secondary flow

In this work, a double-layered microchannel with arc-shaped groove array is introduced
to manipulate the traveling particles using the geometry-induced secondary flow. The
particles are distributed within a straight microchannel with the low aspect ratio cross
section (0.2). By adding arc-shaped groove arrays on top of the straight channel (AR=0.2),
a secondary flow appears when the fluid flow tends to be trapped in the groove structure
due to a pressure gradient in the transverse direction. The secondary flow vorticity
induced by the circulation of fluid can influence the particle distribution within crosssections (Figure 3-1(c)). It is expected that the flow will be required to turn to a larger
extent, creating a larger transverse pressure gradient driving the secondary flow and
generate a secondary flow drag force which is strong enough to manipulate the particles
[86]. To generate a strong enough secondary flow, the ratio of the height of the arc-shaped
groove arrays and the main channel is set as ~1.
Because the arc-shaped groove arrays are composed of the same arc-grooves, the
computational fluid dynamic analysis can be simplified by simulating only one section
with a single characteristic groove structure (Figure 3-2). The vorticity in the flow is
created within the cross-sections, as the flowing fluid is deflected by the arc-shaped
groove (Figure 3-2 (a)-(e)). Thus, the secondary flow gradually transports the fluid to
shift laterally along the vorticity rotational direction within the cross-sections. In this
process, the direction of rotation and the magnitude of the secondary flow are the
important factors which determine particle displacement. In these five cross-section plots,
it can be seen that the direction of the vorticity in the main channel (except the groove
part) is constantly directed in a (Y) direction, and the fluid in the arc-shaped groove part
will simultaneously re-circulate in the opposite (-Y) direction due to the conservation of
mass. The whole helical vorticity pattern is shown in Figure 3-1(c).
At the low Reynolds number (typically in microfluidic systems), the drag force
originating from the transverse fluid flow which is exerted on the small rigid spherical
particle can be expressed as follows:
𝐹 = 3𝜋𝑎𝜂(𝑣 − 𝑣 )
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(3-5)

where 𝑎 is the radius of the particle, 𝜂 is the viscosity of the fluid, 𝑣 is the dynamic
velocity of the fluid, and 𝑣 is the velocity of the particle [102].
The process of focusing is shown in Figure 3-2 (a)-(e). After being distributed
randomly at an entrance, the particles locate along the top and bottom surfaces of the
channel and form two wide focusing bands due to the inertial migration. When particles
are flowing through the parts with the groove structure, the transverse vorticity imposes
vertical and lateral drag forces which cause the displacement (shown as grey arrows in
Figure 3-2) of the particles within the cross-sections. Because the vorticity in the main
channel (apart from the groove part) is half of the vorticity circulation (another half occurs
in the groove part), the corresponding drag force (𝐹 ) on particles is constantly directed
to the Y direction and the particles are gradually gathered to one side of the channel.
Simultaneously, the shear gradient lift force (𝐹 , shown as bright red arrows in Figure 32) and the wall lift force (𝐹 , shown as bright blue arrows in Figure 3-2) push particles
away from the centre of the channel and repel the particles away from the wall of the
channel, which will help them to achieve a balance and locate at the equilibrium position.
It can be seen that the secondary flow vorticity is not symmetric and the region near the
left wall (where particles gathered) is more stable than the other regions (as shown in the
simulation results Figure 2(a)-(e)), because it can be seen that the variation of the arrow
size which depicts the magnitude of the flow field is smaller than other parts. This also
means that particles tend to locate at the left region. It is also shown that a trap tendency
appears at the left upper corner where the inertial lift force (consisting of the shear
gradient lift force 𝐹 and the wall lift force 𝐹 ) counteracts the drag force (𝐹 ) and
achieves a balance. In addition, if the particle is large enough, particles will not be trapped
in the groove part. As a result, this mechanism means that a three-dimensional, highthroughput particle focusing method can be realized using this arc-shaped groove channel
at a moderated flow rate.
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Figure 3-1 Schematic drawing of the equilibrium positions in a straight channel with different geometric
cross-sections: (a) In a square channel, the particles focus at four equilibrium positions facing the centre of
four walls. (b) In a straight channel with a low aspect ratio rectangular cross-section (AR=0.2), particles
form two long bands along the top and bottom of the channel. (c) In a straight channel (AR=0.2) combined
with arc-shaped groove arrays, transverse secondary flow is induced by this asymmetric structure within
the cross-sections, and thus a huge vortex rotates upwards and downwards. As a result, the particles are
directed to a position where the inertial lift force counteracts the secondary flow drag force to generate a
balance.
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Figure 3-2 Finite element analysis of flow field and characterization of rotational vorticity at a modulated
flow rate within cross-sections obtained by COMSOL Multi-physics 5.1. A 3D model of a straight channel
(AR=0.2) with a single arc-shaped groove has been imported into COMSOL to investigate the alteration of
flow field. The dotted line is used to distinguish the interface between the main channel and the arc-shaped
groove. (a)-(e) These five schematic diagrams (a combination of the velocity arrow plot and the pressure
contour plot) show the streamline displacement and pressure alternation. The vector arrows represent the
flow velocity and the arrow size is proportional to the magnitude of the flow velocity. The expected process
of particle focusing is depicted in these five images. (i)-(v) are the corresponding colour bars of (a)-(e) to
show the colour scale. The unit on the colour bars is Pa.
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3.3.
3.3.1.

Methods
Design and fabrication of the microchannel

Figure 3(a) is a schematic drawing of the microchannel with the arc-shaped grooves
utilised in the experiments. The microchannel is a stacked structure which consists of a
main straight channel (AR=0.2) and arc-shaped groove arrays. The main channel width
(w) is 200 µm with a height (h) of 40 µm and a total length (L) of 7 mm. The groove
arrays are located on the top of the main channel between 1 and 6 cm downstream from
the inlet; they are composed of 50 arc-shaped grooves with 50 µm spacing (𝐻 ) between
them. The groove is arc-shaped with a small curvature of 600 µm (𝑅 ) and a large
curvature of 650 µm (𝑅 ). The height of the groove arrays (𝐻 ) is 38 µm (Figure 3(b)).
A double-layer silicon master was fabricated by the two-step photolithography
technique on a silicon wafer. The first layer was processed as the main channel and the
second layer was processed as the arc-shaped groove arrays aligned to locate on top of
the first layer (the main channel). The first layer photoresist (PR) (SU-8 2050, Microchem
Corp., Newton, MA) was spun on a clean silicon wafer through a three-step coating cycle
(500 rpm for 20 s, 2000 rpm for 20 s, and 4000 rpm for 40 s). Then, the silicon wafer with
coated photoresist was heated at the temperature of 65 ºC for 2 minutes and 95 ºC for 7
minutes. After the first heating, the silicon wafer was exposed by UV light through the
first photomask and subsequently heated by the second two-step hard baking (at 65 ºC for
3 minutes and 95 ºC for 7 minutes). Afterwards, the silicon wafer was developed in the
SU-8 developer solution and rinsed with isopropyl alcohol (IPA). The remaining
photoresist pattern attaching onto the wafer formed the first layer (the main channel). In
the second-step photolithography, the second spin-coating photoresist on the previous
mould was processed according to the first-layer process. Then, the second photomask
was carefully aligned with the processed photoresist pattern (the first layer), and UV light
was used to expose onto the second layer photoresist through the second photomask. After
heating and developing the pattern, the double-layer mould was processed with
trichlorosilane to deposit a monolayer onto the surface.
A mixture of poly(dimethylsiloxane) (PDMS) and curing agent (Dow Corning,
Midland, MI) in a ratio of 10:1 was poured onto the double-layer mould, degassed and
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then cured in a convection oven at 65 ºC for 2 hours. The cured PDMS was then peeled
off from the mould and punched through the inlet and outlet holes with a custom needle
tip. Finally, The PDMS replica was sealed with a glass slide after treatment in oxygen
plasma (PDc-002, Harrick Plasma, Ossining, NY) for 3 minutes.

Figure 3-3 (a) The schematic drawing of the microfluidic device and particle focusing pattern (not to scale).
(b) The 3D model of the arc-shaped groove structure shows the size parameters (zoom-in). (c) The image
of the microchannel with the arc-shaped grooves captured by a CCD camera.

3.3.2.

Preparation of particles and cells

Green fluorescent polystyrene particles with a diameter of 9.9 µm (CAT. NO. G1000,
5%CV), red fluorescent polystyrene particles with a diameter of 24 µm (CAT. NO. 36-5,
12%CV) and 13 µm (CAT. NO. 36-4, 16%CV) were purchased from Thermo Fisher
Scientific, and then suspended in deionized (DI) water. The concentrations of the particle
in these suspensions were ~5×104 counts/ml, ~2×105 counts/ml and ~5×104 counts/ml
respectively. To prevent the aggregation, sedimentation, and adhesion to the
microchannel walls, 0.1 % w/v Tween 20 (Sigma-Aldrich, Product NO. P9416) was
added to the particle suspensions.[103-105]
Jurkat cell lines were cultured in RPMI medium 1640 (Gibco) supplemented with 100
units/ml aqueous penicillin, 100 µg/ml streptomycin and 10% fetal bovine serum at 37°C
in an atmospheres of 100% humidity and 5% CO2. The cell diameter ranges from 10 and
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15 µm. For better observation and being captured using a CCD camera, the Jurkat cells
were stained with Calcein AM (Thermo Fisher Scientific) for 30 minutes. The
concentration of Jurkat cells used in the experiment was ~5×104 counts/ml in the
suspensions.
3.3.3.

Experimental setup

To observe and record the particle focusing phenomenon, the microfluidic device was
placed on an inverted microscope (CKX41, Olympus, Japan). A CCD camera (Optimos,
Q-imaging, Australia) was used to observe and capture the fluorescent particle trajectory
images, which were then post-processed and analysed using the image processing
software, Q-Capture Pro 7 (Q-imaging, Australia). The exposure time was set as 10 ms.
Particle fluorescent trajectories were obtained by stacking 50 consecutive frames in order
to measure the focusing position of the fluorescent particles.
3.3.4.

Numerical simulation

A numerical simulation was conducted to calculate the flow field characteristics and
particle trajectories to investigate and predict the focusing phenomenon with finite
element software (COMSOL Multi-physics 5.1, Burlington, MA). A 3D model of the
microchannel with 50 arc-shaped grooves was built using the modelling function of
COMSOL. A laminar flow model was then added to the component to calculate the flow
field. In laminar flow physics, the boundary condition was set as no slip and the physical
property of fluid was set as a steady incompressible flow. At the inlet, the normal inflow
velocity was set as 2.29 m/s (the corresponding flow rate and Reynolds number were
1100 µl/min and Re=160.4 respectively) and the pressure at the outlet was set as 0 Pa.
Afterwards, a model of particle tracing for fluid flow was added to the same component
and coupled with the previous physics to predict the particle trajectories in the
microchannel. At the entrance, 200 13 µm particles with a density of 1050 kg/m3 were
released randomly along the channel width. The time range was set from 0 to 0.019 s with
an interval time of 10-5 s, in time settings. For the numerical solution, the order of finite
element was set as P1+P1, the default setting of COMSOL Multiphysics and the mesh
was set as the free tetrahedral at finer level (1488007 elements). The equations to govern
steady incompressible flow are as below:
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N-S equation:
𝜌𝚏 𝑣⃗𝚏 · ∇𝑣⃗𝚏 = −∇𝑃 + 𝜇∇ 𝑣⃗𝚏

(6)

∇ · 𝑣⃗𝚏 = 0

(7)

𝑣⃗ = 0⃗

(8)

Continuity equation:

Non-slip boundary condition:

where 𝑣⃗𝚏 is the velocity vector and 𝑃 is the pressure of flow field, respectively; 𝑣⃗ is the
fluid velocity vector at the channel walls; ∇ is the Nabla operator: ∇= 𝚤⃗
and ∇ is the Laplace operator: ∇ = ∇ · ∇= 𝚤⃗

+ 𝚥⃗

+ 𝑘⃗

+ 𝚥⃗

+ 𝑘⃗

,

.

For this particle focusing method, the secondary flow drag force works dominantly and
guides the particle distribution within the channel, while the inertial affects only act as an
assisting role to balance particles when they reach the equilibrium position. Meanwhile,
the inertial lift force is much weaker compared with the secondary flow drag force,
especially along longer faces of channel for the blunt velocity profile. As a result, we
neglect the intricate inertial lift force and only consider the secondary flow drag force to
reduce the computational time. On the other hand, to simplify the simulation, the fluidstructure interactions were neglected [106-108]. In this work, the drag force dominates
the external force exerted on particles at low Reynolds numbers, so the governing
equations are according to equation (3-5).
3.4.
3.4.1.

Results and discussion
Simulation of particle trajectories

Figure 3-4(a) shows the simulation of particle trajectories in the arc-shaped groove
channel, where 200 13 µm particles were evenly distributed form the inlet at a flow
velocity of 2.29 m/s (Re=160.4). The performance of particle focusing was demonstrated
by the contractive particle trajectories, where the colour of the trajectories denotes the
particle velocity.
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Figure. 3-4(b) shows the Poincare maps of particle distributions in different crosssections in the channel. The portion with the groove structure was divided into 10 sections
with 11 cross-section plots. Within the first cross-section plot, particles were evenly
distributed, but those particles within the following cross-section plots tended to be
concentrated step by step to one side. Finally, after travelling through the whole portion,
all these particles gathered together at a small region within the last cross-section.

Figure 3-4 Simulation obtained by COMSOL Multi-physics 5.1. (a) The image shows the whole arc-shaped
groove channel, where particles (not to scale) concentrated to one side of the channel. The unit on the scale
bar is m/s. (b) We calculated the distribution diagram of particles after travelling past 0, 5, 10, …, 50 groove
structures and indicated by Poincare maps. (c) Particles distribution within the first cross-section. (d)
Particles distribution within the last cross-section.
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3.4.2.

Effects of the channel Reynolds number

To evaluate the effect of flow rate (channel Reynolds number) on the particle focusing
performance, a series of validation experiments at various flow rates was conducted. Here,
the 13 µm particle suspensions were injected into the arc-shaped groove channel form the
inlet. When the flow rate increased from 200 µl/min to 1500 µl/min (Reynolds number
from 29.2 to 160.4), different particle focusing patterns and qualities occurred near the
outlet of the arc-shaped groove channel shown by Figure 3-5(a)-(g). At relatively low
flow rates (200 µl/min and 500 µl/min), the focusing patterns were still inconspicuous
and shaped as wide bands (Figure 3-5(a)-(b)) but the focusing performance was improved
when the flow rate increased. The fluorescent images (Figure 3-5(c)-(e)) show that the
particle trajectories tend to concentrate at one side of the channel until the flow rate
increased to 1100 µl/min (Re=160.4). The reason is that the magnitude of secondary flow
drag force was the crucial factor to the particle focusing performance and a higher flow
rate was able to induce a stronger secondary flow within the main channel. As a result,
the induced stronger secondary flow exerted a stronger lateral drag force on the particles,
which enabled them to assemble into a small region quickly and efficiently. When the
flow rate exceeded 1200 µl/min (Re=175.0), however, the stabilized concentrated particle
focusing pattern was destroyed due to the violent interaction between particles in the
narrow region (Figure 3-5(f)-(g)). Since the particles in this series of experiments were
13 µm in diameter and the height of channel was 40 µm, they tended to interact with each
other when gathering together. Figure 3-5(i) is a wall diagram including the particle
focusing patterns at different flow rates (200 µl/min to 1500 µl/min) and was established
by measuring the particle fluorescent intensity. This diagram shows that the 13 µm
particles focusing efficiency was proportional to the flow rate and reached its optimal
performance at 1100 µl/min (Re=160.4). To assess the particle focusing performance
numerically, the focusing band width was determined through measuring the length
between two points where the normalized intensity profile crossed the 50 % threshold.
And focusing was attained when the band width was < 2 times the diameter of the focused
particles [109]. Figure 3-5(j), the intensity profile at 1100 µl/min (Re=160.4), shows that
the length between two points was measured < 25 µm, which means that particle focusing
was achieved. On the other hand, to investigate the focusing type of this method, the
PDMS channel could be located vertically onto the microscope stage in order to provide
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a clear enough side view of the arc-shaped groove channel (Figure 3-5(h)). In the plot,
particles were found to concentrate along the top of the main channel (the interface
between the groove arrays and the main channel) and had a trend to be trapped into the
groove structure. Because the size of particles (13 µm) was large enough compared with
the gap of the groove (50 µm), particles could be retained in the fluid stream line and not
be trapped by the groove structure. The side view of normalized intensity profile (Figure
3-5(j)) showed that the particle distribution in vertical direction located in a single
streamline approximately as well. As a result, this particle focusing phenomenon in the
arc-shaped groove channel could be considered as a three-dimensional focusing.

Figure 3-5 (a-g) The optical microscopy images captured by the CCD camera illustrate the focusing
performance of 13 µm particles in the arc-shaped groove channel. The Reynolds numbers range from 29.2
to 218.7 and the corresponding flow rates are 200 µl/min, 500 µl/min, 800 µl/min, 1000 µl/min, 1100
µl/min, 1200 µl/min and 1500 µl/min. (h) The side view of the optical image of particle focusing pattern
shows the distribution of 13 µm particles in vertical direction. (i) The particle focusing positions at different
Reynolds numbers are measured and depicted by the normalized intensity profiles. (j) Determination of
focusing band width by normalized intensity profile. (k) The normalized intensity profile of particle
focusing positions in vertical direction.
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3.4.3.

Effects of the quantity of groove structure

For this particle focusing method, particles were concentrated by the secondary flow
which was induced by the groove structure. So it was necessary for particles to pass
through plenty of groove structures to achieve adequate lateral displacements for an
effective particle focusing. In order to investigate the influence of quantity of the groove
structure on particles focusing, 13 µm particle suspensions were injected form the inlet at
a flow rate of 1100 µl/min (Re=160.4) and fluorescent images of the particle flowing
pattern after travelling different quantity of the groove structure were captured (Figure 36(a)-(e). The microscopic images show that the focusing performance was improved
significantly as particles passed more quantity of the groove structure. The particles were
gradually pushed to one side and located in a line observing through the (0-5), (10-15),
(20-30) and (35-40) segment of the channel. Finally, all the particles were able to be
concentrated at the equilibrium position which agreed well with the simulation results
achieved (Figure 3-6(e)). The normalized intensity profile (Figure 3-6(f)) showed a
comparison of particle focusing patterns at different segments in the channel. According
to the particle focusing assessment above, an effective particle focusing could be attained
in the channel with more than approximate 40 groove structures when the focusing band
width was < 2 times the diameter of the focused particles (13µm) (Figure 3-6(g)-(h)).
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Figure 3-6 (a)-(e) The optical microscopy images of the focusing process of 13 µm particles at different
segments of the arc-shaped groove channel (total of 50 grooves). (f) Particle focusing positions at different
segments of the channel shown by a normalized intensity profile. (g) The measured particle focusing
bandwidth from normalized intensity profile. (h) Particle focusing bandwidth under different numbers of
groove structures.

3.4.4.

Effects of the particle size

Figure 3-7(a) shows that 10 µm particles focused in the same way as 13 µm particles, and
they were located precisely at the equilibrium position at the flow rate of 1100 µl/min
(Re=160.4). However, when the 24 µm particles travelled in the channel, the focusing
pattern differed from the 10 µm and 13 µm particles (Figure 3-7(b)). The 24 µm particles
could concentrate at one side of the channel at only 500 µl/min (Re=73.0) and 800 µl/min
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(Re=116.4), while the focusing pattern was loose at 1000 µl/min (Re=145.8). This
phenomenon could be explained that the secondary flow drag force exerted on particles
was proportional to particles size according to equation (3-5). Particles with a diameter
of 24 µm could receive a larger drag force than 13 µm particles, and tended to focus at
lower flow rates. However, the 24 µm particles could not focus effectively at a flow rate
of 1000 µl/min, because there was a greater possibility that the larger size could induce a
stronger interaction between the particles and reduce the focusing performance. The
intensity profiles of fluorescent particles show the focusing performance of 10 µm and 13
µm respectively.
In conclusion, the critical Reynolds number (Re) of optimal focusing performance in
the channel was predicted to be inversely proportional to the size of the particle (Figure
3-7(d)). And there was also a critical particle size range which is appropriate for particle
focusing in the selected channel. In the arc-shaped groove channel, the critical particle
size range was predicted from 10 µm to 24 µm. It was not easy to identify the accuracy
range, because the commercial microparticles had a relatively large coefficient of
variation (CV), such as a CV16% of 13 µm particles, and this error would influence the
experiments.
To confirm the feasibility of this focusing method on cells, 14 µm Jurkat cell
suspensions were introduced into the arc-shaped groove channel. According to the
secondary flow drag force equation (3-5), the forces (𝐹 and 𝐹 ) exerted on the cells were
expected to be similar to the forces on 13 µm particles. The microscopy images (Figure
3-7(c)) show that the arc-shaped groove channel performed well on focusing Jurkat cells
at 1100 µl/min (Re=160.4) and the normalized intensity profile demonstrates that most
Jurkat cells concentrated at one side of the channel. The experiment result agreed well
with the focusing mechanism and the experimental results of rigid polystyrene particles.

51

Figure 3-7 Focusing patterns of different particles and cell. (a) The optical microscopy images of 10 µm
particles focusing at different flow rates respectively and the corresponding normalized intensity profile.
(b) Images of 24 µm particles focusing at different flow rates respectively and the corresponding normalized
intensity profile. (c) Focusing pattern of Jurkat cells at a flow rate of 1100 µl/min (Re=160.4) and the
corresponding normalized intensity profile. And the optical microscopy of Jurkat cells is shown at the
corner. (d) The predicted relationship between particle size and the corresponding optimal focusing
Reynolds number.

3.5.

Summary

In this chapter, we proposed an innovative inertial microfluidic particle manipulation
strategy using the double-layered microchannel. The fundamental theory was investigated
and analysed with the assistance of the flow field simulation. The passive particle
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focusing approach has been developed by utilising an arc-shaped groove channel. The
benefits of this approach are that different size particles can be focused in a threedimensional type, all in a high-throughput manner, without the requirement of sheath flow.
The focusing mechanism was explained and demonstrated by numerical simulation of the
flow field. As the inertial focusing performance in a low ratio channel (AR=0.2) was not
effective, the arc-shaped groove arrays were located on the top of the straight channel to
induce a secondary flow rotating within the channel cross-sections and a new equilibrium
position of particles was formed under the balance between the secondary flow drag force
and inertial lift force. Meanwhile, through verification experiments, the focusing
approach showed good applicability for different size particles and cells (Jurkat cells). In
conclusion, this research provides a sheathless and high-throughput particle focusing
method in three-dimension, which has the potential to be used for particle or cell
concentration, filtration and flow cytometry.
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4. Flow rate-insensitive microparticle separation and filtration using a
microchannel with arc-shaped groove arrays*
4.1.

Introduction

Microfluidic technology has been popular and attracted a wide attention because of its
potential applications in the fields of disease diagnostics and biological assays [110-112].
Separation or filtration of target microparticles from a mixture based on the particle
physical and biological characteristics is one of the most essential requirements in many
biomedical applications, such as blood preparation [53] and circulating tumor cells (CTCs)
isolation [54]. Compared with the conventional separation techniques, such as differential
centrifugation and physical filter, the microfluidic technique could be a simpler and more
efficient method, which avoids the destruction of cell viability [113] due to a high
acceleration and intensive labour to clean the filter.
The active separation method always has a better ability to control the target particle
precisely and high separation efficiency. The intricate fabrication to introduce the external
field and requirement of pre-treatment steps, however, can be the obstacle for their
integration with downstream analysis and makes the operation of most active separation
methods rather complex [2]. Compared with the active separation method, the passive
method always only requires a simple fabrication of device but has the high-throughput
and easy-integration characteristics, which is able to be adopted in many biological assays
[30]. Inertial microfluidics relying on the particle inertial migration and secondary flow
can provide qualified particle separation functionality in a high-throughput manner [12].
Meanwhile, inertial microfluidics is label-free, which can avoid the potential damage on
target bioparticles by labelling [114]. In the regime of inertial microfluidics, the
secondary flow is always employed to facilitate the inertial separation.
Due to the benefits of employing secondary flow into inertial separation, a controllable
secondary flow has been investigated and exploited extensively and deeply in many

*

Results of this chapter are published in: Qianbin Zhao, Dan Yuan, Sheng Yan, Jun Zhang, Haiping Du,
Gursel Alici, Weihua Li. “Flow rate-insensitive microparticle separation and filtration using a
microchannel with arc-shaped groove arrays”, Microfluidics and Nanofluidics, 2017, 21(3): 55.
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inertial microfluidic devices. Spiral [39], serpentine [115] and expansion-contraction
structures [53] which can induce counter-rotating secondary flow have been studied to
separate microparticles by inertial microfluidics. Bhagat at el. employed the spiral
microchannel taking advantage of the dean flow and particle inertial migration to achieve
effective separation at the Reynolds number ~5 (the corresponding flow rate was 10
µl/min) [116]. Meanwhile, Park et al.. reported separation of polystyrene beads of 4 µm
and 10 µm using a contraction-expansion array (CEA) channel at the flow rate of ~242
µl/min. Working together with the inertial lift force, the Dean-like secondary flow
induced by the CEA structure guides the large particle to the CEA side, while the small
one shifts towards the opposite side through the Dean flow [52]. Our group has also
developed a continuous separation method using a serpentine channel. A high efficient
separation of both large and small polystyrene beads, as well as neuron and glial cells,
can be achieved at the flow rate between 550 µl/min to 600 µl/min [117]. However, in
these works, the separation performance is highly affected by the flow rate applied and
the available working range is very limited, which requires precise control of the input
flow rate and significantly hinders the on-chip integration with downstream assays.
This chapter presents a flow rate-insensitive particle separation and filtration method
using a straight channel (AR=0.2) with arc-shaped groove arrays. The arc-shaped groove
structure induces a secondary flow vortex, which guides different-size particles into the
differential equilibrium positions in order to achieve an effective particle separation by
size. The development of the secondary flow vortex induced by the groove structure is
investigated numerically, which is critical for the distribution of the microparticles.
Besides, effects of the particle size, flow rate and particle concentration on the focusing
and separation performance of microparticles in the proposed microchannel are
investigated experimentally. Finally, according to the focusing properties of differentsize particles in the microchannel, a separation of 13 µm and 4.8 µm particles is
successfully demonstrated using the proposed microchannel within a wide range of flow
rates. This innovative separation and filtration method show qualified performance with
a wide range of available working flow rates, which is beneficial for the integration of
microfluidic system.
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4.2.

Theory

Within the channel with arc-shaped groove arrays used in this work, a secondary flow
can be induced because the fluid flow tends to be trapped in the expansion groove
structure and generates large transverse pressure differences in the cross-sections. The
particles, as a result, can be manipulated by the strong secondary flow. In this work, the
ratio of the height of the groove structure and straight channel is set as ~1, which can
ensure an enough strong secondary flow induced [86].
The arc-shaped groove arrays on the top of the straight channel are composed of 50
same single groove structures. In order to simplify the computational fluid dynamics
analysis, a simulation of the segment with one single characteristic arc-shaped groove
structure was conducted by the finite element software (Figure 4-1). The simulation
results are illustrated by five cross-section plots, which describe the variation process of
the flow field at different positions of the microchannel. It can be seen that the velocity
arrows (the black arrow in Figure 4-1) are deflected by the influence of the arc-shaped
groove and point to different directions, which means that the former stabilized flow field
is disturbed and interfered by the groove structure. Taking five plots together, the arrows
depict a complete secondary flow vortex within cross-sections and this secondary flow
gradually shifts following the rotation direction of the vortex. As shown in Figure 4-1(a)(e), it can be found that the horizontal components of velocity arrows in the straight
channel part always point to the Y direction, while the arrows in the groove structure part
point to the opposite direction [112]. This is because that the secondary flow vortex exists
in both the straight channel and expansion groove structure, and forms a complete
circulation, which means that there is only half of the vortex circulation in the straight
channel while another half exists in the groove structure.
Particles are initially located at two long band regions paralleling with long faces of
the channel due to the inertial migration when travelling in the straight channel (AR=0.2).
Then, when particles pass through the segment combined with the groove structure, the
induced transverse secondary flow will guide particles in a horizontal and vertical
displacement (depicted as the grey arrows in Figure 4-1) within cross-sections. Because
the horizontal component of the flow field direction in the straight channel points to Y
direction all the time, particles are going to be pushed to the Y direction as well (shown
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as the particle distribution in Figure 4-1(a)-(e)). For different-size particles, the particle
migration can be different because of the effect of the particle size. Large particles are
guided by the secondary flow towards the Y direction and balanced with the inertial lift
force near the channel sidewall. After travelling through the enough repetitive grooved
structures, all large particles could be focused into a narrow area (nearly a line) near the
sidewall. However, the inertial lift force on the small particle is much smaller and is hard
to balance the secondary flow drag force. As a result, small particles are prone to follow
the rotating streamline of secondary flow. And the only possible focusing position for
small particles may be the core of vortex near the channel centre where the magnitude of
secondary flow velocity is minimum. So it is expected that a large portion of small
particles will be concentrated and focused near the channel centre when they travel
through this area, which has been validated by the experimental results. However, it
should be noted that a few of small particles may still be retained within the rotating
streamlines and not able to be focused.
At the same time, it can be seen that the whole secondary flow vortex is not symmetric
and the flow field near the left wall region is more stable than other regions, because the
size of the arrow which depicts the magnitude of the secondary flow is smaller compared
with other regions. And the horizontal component of arrows is also much smaller near the
interface between the straight channel and groove structure, which means that particles
there almost receive a vertical drag force merely and this drag force can be balanced by
the inertial lift force. As a result, both large and small size particles located at above
regions can be more stabilized and the results of experiments even demonstrate that
particles can be focused at these equilibrium positions at a wide range of flow rates. Due
to differential focusing positions of large and small particles, separation or filtration of
different-size particles can be achieved utilising this proposed microchannel with arcshaped groove arrays.
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Figure 4-1 Finite element analysis of flow field at modulated Reynolds number calculated by COMSOL
Multi-physics 5.1. The 3D model of a segment with one characteristic arc-shaped groove structure of the
microchannel was divided by five cross-sections to investigate the variation of flow field. (a)-(e) These five
simulation results are depicted by the combination of the velocity arrow plot and pressure contour plot. The
velocity arrow plot shows the velocity direction within cross-sections and the size of arrow is proportional
to the magnitude of the flow velocity. The pressure contour plot, meanwhile, shows the variation of pressure
induced by the groove structure, which generates and drives a rotational secondary flow within cross58

sections. With the simulated flow filed, different-size particle migrations are expected. (i)-(v) are the
corresponding colour bars of (a)-(e), and the units is Pa.

4.3.
4.3.1.

Methods
Design and fabrication of the microchannel

The microchannel used in this work mainly consists of two parts, a straight channel
(AR=0.2) with arc-shaped groove arrays, which guides the particle distribution, and an
expansion channel with 5 outlets which is used for collection of different-size
microparticles (Figure 3-2(a)). The front part of the channel is a stacked structure
composed of a straight channel (AR=0.2) and 50 arc-shaped grooves. For the straight
channel, the cross-section is a 200 × 40 µm (width (w) × height (h)) rectangular. 50
grooves are arranged with 50 µm spacing (𝐻 ) on the top of the straight channel. The
groove (shown as Figure 3-2(b)) is arc-shaped with a small curvature of 600 µm (𝑅 ) and
a large curvature of 650 µm (𝑅 ). And the height of the groove structure (𝐻 ) is 38 µm.
Figure 3-2(c) is the optical microscopic image of a segment of the channel with groove
structures captured by the CCD camera. The details of the fabrication of this
microchannel can be found elsewhere [105].

Figure 4-2 (a) A schematic drawing of the microchannel (not to scale) used in this work. (b) Zoom in the
characteristic arc-shaped groove structure and the characteristic dimensions of it. (c) A optical image of the
arc-shaped groove structure captured by the CCD camera.
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4.3.2.

Preparation of particles

The commercial fluorescent polystyrene microparticles were purchased from Thermo
Fisher Scientific. The 13 µm (CAT. NO. 36-4, 16%CV) and 3.2 µm particles (CAT. NO.
R0300, 5%CV) are red fluorescent, while the 9.9 µm (CAT. NO. G1000, 5%CV) and 4.8
µm particles (CAT. NO. G0500, 5%CV) are green fluorescent. Microparticles were
suspended in deionized (DI) water and 0.1% w/v Tween 20 (Sigma-Aldrich, Product NO.
P9416) was also added and stirred well to prevent the particle aggregation and adhesion
to the channel walls.
4.3.3.

Experiment setup

The microfluidic device was placed on an inverted microscope (CKX41, Olympus, Japan).
Particle suspensions were injected into the microchannel by a syringe pump (Legato 100,
Kd Scientific) at different flow rates. And a mercury arc lamp was used to illuminate the
particle trajectories within the channel for the observation and recording. A CCD camera
(Optimos, Q-imaging, Australia) was used to capture the fluorescent images at a 20 ms
exposure time. All images were then processed using the image processing software (QCapture Pro 7, Q-imaging, Australia). And these images were obtained by stacking 50
consecutive frames in order to analyse the particle distribution.
4.3.4.

Numerical simulation

In order to analyse and explain the mechanism of this filtration method, a numerical
simulation of flow field was conducted by the finite element software (COMSOL Multiphysics 5.1, Burlington, MA). A 3D model of the straight channel (AR=0.2) with a single
characteristic arc-shaped groove structure was built in COMSOL. The steady laminar
flow physics was selected due to the low Reynolds number of the microfluidic system.
The boundary condition was set as no slip on the channel walls and the physical property
of fluid was chosen as an incompressible flow. The order of finite element was set to
P1+P1, the default setting of COMSOL Multiphysics. And the component was meshed
by the free tetrahedral mesh at the default finer level (1488007 elements in total) to ensure
the accuracy of numerical results. At the inlet, the velocity of flow was set as 2.083 m/s
(the corresponding flow rate and Reynolds number were 1000 µl/min and 145.83
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respectively), and the relative pressure was set as 0 Pa at the outlet. The equations to
govern steady incompressible flow are same to those in Chapter 3.
4.4.
4.4.1.

Results and discussion
Effects of the flow rate and particle size

Figure 4-3(a) shows the microscopic images of different-size particle trajectory patterns
at different flow rates within the microchannel. In this series of experiments, four
different-size particles with the diameter of 3.2 µm, 4.8 µm, 9.9 µm and 13 µm were
employed to investigate the effects of particle size on focusing performance in the
microchannel. And the result is critical for the following particle separation and filtration
performance. The particle suspensions were injected into the microchannel through the
syringe pump, and the concentration of 3.2 µm, 4.8 µm, 9.9 µm and 13 µm particle
suspensions were 5×105 counts/ml, 5×105 counts/ml, 105 counts/ml and 105 counts/ml
respectively. The input flow rate of this series of experiments was increased from 400
µl/min to 1400 µl/min (the corresponding Reynolds number is from 58.332 to 204.162).
First, it was observed that the particle focusing results were different between large
particles (9.9 µm and 13 µm in diameter) and small particles (3.2 µm and 4.8 µm in
diameter), which agreed well with the proposed focusing theory. The small particles were
prone to be concentrated near the middle of the channel, while the large particles tended
to be focused to one side of the channel. From the normalized intensity profiles of large
particles (9.9 µm and 13 µm) at different flow rates (Figure 4-3(b)), it was found that
particles were pushed to one side of the channel and concentrated at one equilibrium
position. Meanwhile, the focusing performance was improved when the flow rate
increased from 400 µl/min to 1200 µl/min. The reason is that a higher flow rate could
induce a stronger secondary flow within the channel so that the particles guided by the
secondary flow drag force were able to be concentrated more quickly and efficiently. The
focusing performance, however, was gradually worse as the flow rate exceeded 1200
µl/min. This may be explained by the fact that the violent interaction between particles
destroyed the stabilized focusing patterns when a stronger drag force exerting on particles
in a small region. On the other hand, from the normalized intensity profiles of small
particles (3.2 µm and 4.8 µm) at different flow rates (Figure 4-3(b)), the small particle
focusing performance was insensitive with the increase of the flow rate compared with
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the large particles. The small particles could be concentrated well at a wide range of the
flow rate from 600 µl/min to 1400 µl/min. However, the small particles were also found
to be trapped into the groove structure due to the small size, and a small proportion of
them were still not able to be focused at the end of the channel.
In order to analyse and evaluate the particle trajectory pattern and focusing
performance quantitatively, the particle focusing band was measured as the length
between two points where the intensity crossed 50% threshold in the normalized intensity
profile. And if the measured focusing bandwidth is less than 2 times the diameter of the
particle, it could be recognized as a successful particle focusing [109]. The different-size
particle focusing patterns at the flow rate of 1000 µl/min were chosen to be assessed by
this method, and we found that all the tested particles had a well-qualified focusing
performance. As shown in Figure 3b, the normalized intensity profile of the particle
trajectory patterns demonstrated that different-size particles could be focused well at the
flow rate of 1000 µl/min, as the measured focusing bands were all smaller than 2 times
the diameters of particles. In the normalized intensity profile of 3.2 µm particles, however,
it should be noted that the fluorescent intensities measured were not all concentrated near
the equilibrium position within the channel, which should not be ignored compared with
other particles. The drag force and inertial lift force exerting on 3.2 µm particles could be
not strong enough to reach a stabilized condition and particles with small size might have
a high possibility to be trapped into the groove structure even at the equilibrium position.
Therefore, a number of 3.2 µm particles still dispersed randomly within the channel and
cannot be concentrated. In summary, the experimental results agreed well with the
proposed theory, but the particle size was found to be a very important factor for the
focusing efficiency. Large particles (13 µm and 9.9 µm) were focused well in this channel,
while the focusing performance of small particles was affected severely by the particle
size.
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Figure 4-3 (a) Optical microscopic images captured by the CCD camera of different-size particle trajectory
patterns. The particle sizes were 3.2 µm, 4.8 µm, 9.9 µm and 13 µm respectively. The flow rates applied
were 400 µl/min, 600 µl/min, 800 µl/min, 1000 µl/min, 1200 µl/min and 1400 µl/min (the corresponding
Reynolds numbers were 58.332, 87.488, 116.664, 145.83, 174.996 and 204.162). (b) The normalized
intensity profile of different-size particle trajectory patterns at 1000 µl/min and the comparisons from 400
µl/min to 1400 µl/min. (i) The 3.2 µm particle; (ii) The 4.8 µm particle; (iii) The 9.9 µm particle; (iv) The
13 µm particle.

4.4.2.

Effects of the particle concentration

The concentration of particle suspensions was one of the influence factors to the
separation and filtration throughput. Under the same condition, increasing the
concentration of particle is an effective method to achieve a high-throughput yield.
However, the higher particle concentration may influence the particle focusing
performance as well. Therefore, we conducted a series of experiments on 9.9 µm particle
suspensions with three different concentrations (105 counts/ml, 5×105 counts/ml and 106
counts/ml respectively). The flow rate was increased from 200 µl/min to 1400 µl/min.
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The microscopic fluorescent images (Figure 4-4(a)) were the particle trajectory patterns
of suspensions with different concentrations captured at the same segment of the channel.
Through the comparison of the corresponding normalized intensity profile (Figure 4-4(b)),
it can be found that as the particle suspensions concentration increased, the particle
focusing band gradually became wider. The focusing performance and position, however,
were nearly the same on the same flow condition. The reason for the wider particle
focusing band can be explained that larger quantities of particles were travelling within
the channel and concentrated at the equilibrium position in order that more intensive
interaction between particles was induced. To evaluate the focusing performance
quantitatively, the focusing bandwidth of three different concentration particle
suspensions at the flow rate of 1000 µl/min was measured by the assessment method
mentioned above. Shown as the Figure 4-4(b), except the measured focusing bandwidth
of 105 counts/ml particle suspensions, another two focusing bandwidth were both larger
than 2 times the diameter of the particle (20 µm), which indicates the deterioration of the
focusing quality of 9.9 µm particles with higher concentration. This is not beneficial for
single-stream particle focusing. However, for particle separation and filtration, the
particle focusing performance and distribution of 5×105 counts/ml and 106 counts/ml
particle suspensions are still qualified because there is significant distance between the
different-size particle focusing bands. Therefore, the focusing position and bandwidths
are the key factors for the success of particle separation and the increase of particle
concentration could be an effective approach to improve the throughput yield.
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Figure 4-4 (a) Optical microscopic images captured by the CCD camera of the 9.9 µm particle trajectory
patterns of different concentration suspensions. The concentrations of 9.9 µm particle are (i) 105 counts/ml,
(ii) 5×105 counts/ml and (iii) 106 counts/ml respectively, and the flow rates applied were 200 µl/min, 400
µl/min, 600 µl/min, 800 µl/min, 1000 µl/min, 1200 µl/min and 1400 µl/min (the corresponding Reynolds
numbers were 29.166, 58.332, 87.488, 116.664, 145.83, 174.996 and 204.162). (b) The normalized intensity
profile of 9.9 µm particle trajectory patterns of different concentration particle suspensions at 1000 µl/min
and the comparison from 200 µl/min to 1400 µl/min. (i) 105 counts/ml particle suspensions’; (ii) 5×105
counts/ml particle suspensions’; (iii) 106 counts/ml particle suspensions’.

4.4.3.

Particle separation by size within a wide flow rate

To evaluate the separation performance of this method, the particle suspensions
containing 13 µm particles (8×104 counts/ml) and 4.8 µm particles (106 counts/ml) were
injected into the channel with arc-shaped groove arrays. The input flow rates were set as
400 µl/min, 600 µl/min, 800 µl/min, 1000 µl/min and 1200 µl/min to investigate the
optimal flow rate range for particle separation. As shown in Figure 4-5, the microscopic
images at the segment with arc-shaped groove arrays show that 13 µm (red) and 4.8 µm
particles (green) were successfully separated at the flow rates of 600 µl/min, 800 µl/min,
1000 µl/min and 1200 µl/min. And the images at expansion part with 5 outlets show that
a majority of 13 µm particles could be collected from the outlet i and very few 13 µm
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particles entered the outlet ii within this flow rate range. Meanwhile, 4.8 µm particles
trajectory patterns at the outlets did not change much from the flow rate 400 µl/min to
1200 µl/min. Most of them flowed into the outlet iv, while few 4.8 µm particles were
dispersed randomly within the channel and flowed into other outlets. Through the
statistical calculation of the data collected, we calculated the purity and recovery rate of
13 and 4.8µm particles [59, 118, 119]. The purity of 4.8 µm particle was >99.9% and
recovery rate was ~80%. On the other hand, the recovery rate of 13 µm particle was >99.9%
and the purity was ~35%. The data were collected at different flow rates within the flow
rate range to confirm the critical value.

Figure 4-5 Separation (filtration) of 13 and 4.8 µm particles. The applied flow rates were 400 µl/min, 600
µl/min, 800 µl/min, 1000 µl/min and 1200 µl/min (the corresponding Reynolds numbers were 58.332,
87.488, 116.664, 145.83 and 174.996). And the optical microscopic fluorescent images of particle trajectory
patterns were captured at the segment with arc-shaped groove arrays and expansion channel with 5 outlets.
13 µm particles were red fluorescent and 4.8 µm particles were green fluorescent.

4.5.

Summary

In this chapter, we have deeply investigated the proposed inertial microfluidic method
and explored the potential of the other complex particle manipulation technologies
(filtration and separation) based on it. A flow rate-insensitive size-based microparticle
separation and filtration method has been studied in this work by using a straight channel
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with arc-shaped groove arrays. In this method, different-size particles can be focused
differentially at the distinct equilibrium positions, and the focusing performance is
insensitive with the change of flow rate. Through the simulation analysis of flow field
within the channel cross-sections, it can be found that a secondary flow is induced by the
arc-shaped groove structure and guides the randomly distributed particles to new
equilibrium positions, which large particles are pushed to one side of the channel and
small particles are concentrated near the middle of the channel. Meanwhile, the focusing
quality is improved with the increase of particle size, and particle focusing position and
quality is not very sensitive to the flow rate within the tested flow rate range. According
to these, particle suspensions containing 13 µm and 4.8 µm particles were successfully
separated using this channel, and a qualified efficiency of separation could be achieved
at a wide range of flow rates (600 µl/min to 1200 µl/min). In conclusion, this research
provides an innovative particle separation and filtration method with a wide working flow
rate range and could work as a reliable biosample pre-treatment for downstream analysis.
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5. Double-mode Microparticle Manipulation by Tunable Secondary
Flow in Microchannel with Arc-shaped Groove Arrays *
5.1.

Introduction

In inertial microfluidics, secondary flow is typically generated in the curved structure
[120] or disturbance obstacle structure [32, 86, 121] within the microchannel because of
the pressure gradient perpendicular to the main flow direction. In a curved channel, the
mismatch of fluid momentum in the center and near-wall region induces two counterrotating secondary flow vortices, which is regarded as Dean vortex [12, 27]. Meanwhile,
it has been reported that the shape of secondary flow is associated with the Dean number
κ in microchannel. With the increase of Dean number, the center of the two symmetric
vortices is going to move outwards to the outer channel wall in the radial direction [120].
And this dimensionless parameter κ was proposed by Berger et al.., expressed as [120]:

 (

H 1/ 2
) Re
2R

(5-1)

where, H and R are the hydraulic diameter of channel and radius of curvature, respectively.
Various types of channel have been designed to employ different secondary flows to
manipulate suspended particles, such as the serpentine [28, 48], spiral [41, 116] and
contraction-expansion array (CEA) channel [52]. Besides employing one layer channel
to generate Dean vortex, the double layer microchannel, which is fabricated by the twostep photolithography technique, has also been used to take advantage of symmetric and
asymmetric secondary flow for microparticle manipulation [86, 122].
The herringbone and slanted groove channel was first employed as the micromixer
through generating transverse flows in microchannels by a steady axial pressure gradient
[64, 73]. Moreover, Di Carlo et al. proposed the microvortex manipulation (MVM)
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approach to guide particles using the interaction of hydrodynamic, gravitational and
buoyant force. And a mixture containing binary particles with a density difference was
successfully sorted using the device [122]. In addition, a straight low aspect ratio channel
with orthogonally arranged step arrays was demonstrated to focus particle in a singlestream without sheath fluids or external force using geometry-induced secondary flow
vortices, which replaced the two original inertial migration equilibrium positions [86].
In this work, we will demonstrate that the microchannel with arc-shaped groove arrays
has two regimes at high and low Reynolds number respectively, in which the same
particles will be guided into different equilibrium positions (Figure 5-1(a)). When applied
with a high flow rate, particles are concentrated qualifiedly near the sidewall and centre
of the channel depending on the particle size. When applied with a low flow rate,
different-size particles are concentrated at another equilibrium position near the opposite
sidewall. And the effects of particle size are critical for the particle focusing performance.
Large particles were observed to concentrate as a narrower streamline than the small ones.
Numerical simulations of flow field were conducted to analyse and explain the multiple
microparticle focusing phenomenon. Different secondary flow vortices are induced
because of the flow field disturbance by the expansive groove structure. As a result, the
corresponding drag force would guide the particles into their equilibrium positions and
balanced with the inertial lift force simultaneously. This work reports a microchannel to
manipulate microparticles into different designated equilibrium positions by taking
advantage of modulating the applied flow rate (Reynolds number).
5.2.
5.2.1.

Methods
Microchannel

The microchannel used in this work is a stacked structure composed of a straight channel
(AR=0.1) and 50 arc-shaped groove arrays (Figure 5-1(b)). For the straight channel, the
cross section is a 200 × 20 µm (width (w) × height (h)) rectangle. 50 arc-shaped grooves
are arranged with 50 µm spacing (𝐻 ) on the top of the straight channel. Each groove
pattern is arc-shaped with a small curvature of 600 µm (𝑅 ) and a large curvature of 650
µm (𝑅 ). And the height of the expansive groove structure (𝐻 ) is 20 µm. The details of
similar microchannel fabrication have been reported in our previous work.[123]
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Figure 5-1 (a) Schematic drawing of the double-mode microparticle manipulation in the microchannel with
arc-shaped groove arrays. (b) Dimensions of the characteristic expansive arc-shaped groove structure.

5.2.2.

Fluorescent microparticle suspensions

The commercial fluorescent polystyrene microparticles were purchased from Thermo
Fisher Scientific. 13 µm (CAT. NO. 36-4, 16%CV) and 8 µm particles (CAT. NO. 36-3,
18%CV) are red fluorescent, while 4.8 µm particles (CAT. NO. G0500, 5%CV) are green
fluorescent. Microparticles were suspended in deionized (DI) water, and 0.1% w/v Tween
20 (Sigma-Aldrich, Product NO. P9416) was added to prevent the particle aggregation
and adhesion to the channel walls.
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5.2.3.

Experiment setup

The microchannel was placed on an inverted microscope (CKX41, Olympus, Japan).
Particle suspensions were injected into the microchannel through a syringe pump (Legato
100, Kd Scientific) at different flow rates. And a mercury arc lamp was used to illuminate
the particle trajectories within the channel for observation and recording. A CCD camera
(Optimos, Q-imaging, Australia) was used to capture the fluorescent images with a 15 ms
exposure time. All images were then processed and analysed using the image processing
software (Q-Capture Pro 7, Q-imaging, Australia). And all fluorescent images were
obtained by stacking 50 consecutive frames in order to analyse particle trajectory patterns.
5.2.4.

Numerical simulation

The numerical simulation of the flow field was conducted by the finite element software
(COMSOL Multi-physics 5.1, Burlington, MA). For the typical microfluidic system,
steady laminar flow physics was employed. The boundary condition was set as no-slip
and the physical property of fluid was incompressible flow. The order of finite element
was set as P1+P1, the default setting of COMSOL Multiphysics. The 3D model of the
channel was meshed with free tetrahedral grid at the default extra fine level (3017863
elements in total) to ensure the accuracy of numerical results. At the inlet, the input
velocity of flow was set as 3.333 and 0.0625 m/s, respectively (the corresponding
Reynolds numbers were 127.27 and 2.39). Meanwhile, the relative pressure was set as 0
Pa at the outlet.
5.3.
5.3.1.

Results and discussion
At high Reynolds number

The full width at half maximum (FWHM) of fluorescent streaks is widely adopted to
assess the particle focusing performance. In this work, we used this approach to measure
the width and lateral position of the particle trajectory in the normalized intensity plots.
According to this assessment approach, if the measured FWHM was less than 2 times the
diameter of focused particle, it is able to be considered as a qualified particle focusing
[124].
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At a high Reynolds number (Re=127.27), particles were able to be concentrated in the
microchannel. The optical images (Figure 5-2(a)) show that large particles (13 and 8 µm
in diameter) were concentrated near the sidewall 1 of the channel, while the small
particles (4.8 µm in diameter) were mostly concentrated in a narrow fluid stream between
the side wall 2 and centre of the channel. First, we conducted an experiment on the high
concentration 13 µm particle suspensions (~106 counts/ml). The fluorescent image shows
that all particles were concentrated well at the equilibrium position, however the FWHM
measured (Figure 5-2(b)) was more than 26 µm (2 times the diameter of 13 µm particle).
Next, another experiment on the relatively low concentration particle suspensions
(~8×104 counts/ml) was conducted, and the FWHM measured was narrower and less than
26 µm. Besides, 8 µm and 4.8 µm particles were also able to be concentrated in the
microchannel and the FWHM of them were narrow enough as well (Figure. 5-2(b)). But
the focusing performances of these smaller particles were not as good as 13 µm particles
from the normalized intensity profile. Especially, it could be still found that a few of 4.8
particles were unfocused and distributed randomly in the microchannel. Apparent particle
trajectory pattern could be also observed within the grooves.

Figure 5-2 Distribution of different-size particles at high Reynolds number. (a) Fluorescent particle
trajectory patterns captured at the flow rate of 800 µl/min (Re=127.27). (b) Corresponding normalized
intensity profiles of different-size particle trajectory patterns. The unit of lateral position is µm. (i)
Normalized intensity profile of 13 µm; (ii) Normalized intensity profile of 8 µm; (iii) Normalized intensity
profile of 4.8 µm; (iv) Normalized intensity profile of 13 µm (with a low particle concentration).
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5.3.2.

At low Reynolds number

At the low Reynolds number (Re=2.39), the trajectory patterns of particles in the
microchannel were obviously different from those at the high Reynolds number. In the
optical images (Figure 5-3(a)), it is shown that particles were located at another
equilibrium position near the sidewall 2. And the FWHM of different-size particles
measured in the normalized intensity profiles (Figure 5-3(b)) were various distinctly
because of the effects of particle size. The particle focusing performance (particle
trajectory pattern) was proportional to the particle size. Applied with the same flow rate
(15 µl/min), 13 µm particles could reach a stable qualified focusing condition shown as
its FWHM was narrow enough, while 8 µm particles and 4.8 µm particles were distributed
as the wide trajectory streams. In addition, compared with the particle distribution at the
high Reynolds number, particles as small as 4.8 µm could still retain in the straight
channel without being trapped into the expansive groove structure. It indicates that
although the particle trajectory (4.8 µm particle) was very wide, no randomly distributed
particles were observed within the channel. Besides, the particle trajectory (13 µm)
patterns between the high (127.27) and low Reynolds number (2.39) are captured and
provided in Figure 5-4. It could be found that the equilibrium position of 13 µm particle
near side wall 2 was disturbed and disappeared when the Reynolds number exceeded 2.39,
and particles were gradually pulled to the sidewall 1 with the increase of Reynolds
number.
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Figure 5-3 Distribution of different-size particles at low Reynolds number. (a) Fluorescent particle
trajectory patterns captured at the flow rate of 15 µl/min (Re= 2.39). (b) Corresponding normalized intensity
profiles of different-size particle trajectory patterns. The unit of lateral position is µm. (i) Normalized
intensity profile of 13 µm; (ii) Normalized intensity profile of 8 µm; (iii) Normalized intensity profile of
4.8 µm.

Figure 5-4 13 µm particle’s trajectory patterns at various Reynolds numbers (a) Fluorescent particle
trajectory patterns captured at Reynolds number of (i) 2.39; (ii) 15.91; (iii) 63.64; (iv) 95.45; (v) 127.27.
(b) Corresponding normalized intensity profiles of 13 µm particle’s trajectory patterns
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5.4.

Discussion

In order to analyse the mechanism of this multiple particle focusing modes, the flow field
of grooved channel was simulated through COMSOL at a high Reynolds number
(Re=127.27) and a low Reynolds number (Re=2.39), respectively. Because the
microchannel used in the experiments consists of a straight channel and 50 arc-shaped
groove arrays, a segment of the channel with one arc-shaped groove structure pattern was
used to save the computational sources and time. The 3D model of the channel segment
was divided into 4 cross-sectional plots to calculate and visualize the induced secondary
flow vortices in the transverse direction. It could be observed that the disturbing influence
on the flow fields was significantly different between two Reynolds number conditions.
More details about the simulation are provided in the supplementary material.
From the simulation results of the flow field at the high Reynolds number (Figure 55(a)), the streamline analysis of typical transverse flow velocity profile within cross
sections depicts the formation and development of a complete oval microvortex induced
by the expansive arc-shaped groove pattern on the top surface of the microchannel. The
secondary flow vortex constantly points to –Z direction in the bottom part of channel
cross sections, while pointing to the opposite direction (Z) in the expansive groove part,
together forming a stable complete clockwise circulation. As a result, the corresponding
drag force could guide particles to the stable equilibrium position (the green box). Large
particles (13 and 8 µm) would be pulled by a strong drag force (refer to (5-2)) to the
direction of –Z and settle near the side wall 1, balanced by the inertial lift force along the
vertical direction. Because the secondary flow and inertial lift force are both proportional
to particle sizes, large (13 µm) particles can be focused more tightly than the smaller (8
µm) ones, exhibiting a better focusing performance in the experiments. With regard to
4.8 µm particles, they were not be pushed and focused to the sidewall 1 where large size
particles (13 and 8 µm) settled. Most of them were trapped in the core of the microvortex,
where the magnitude of secondary flow on Z direction is minimum. And some 4.8 µm
particles were forced to follow the vortex and trapped into the groove structure following
the circulating streams, resulting in some randomly distributed particles within the
channel.
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From the simulation results of the flow field at the low Reynolds number (Figure 55(b)), the shapes of geometry-induced secondary flow vortices are significantly different
from that at the high Reynolds number, as there is no apparent oval microvortex could be
made out (refer to (5-1)). Compared with the unidirectional circulating geometry-induced
secondary flow vortex at the high Reynolds number, the cross-sectional flow field at the
low Reynolds number was more similar to a variant Dean-like vortex, and two counterrotating vortices seems to be formed (plot (i) and (ii) in Figure 5-5(b) and supplementary
material Figure 5-6). The shapes of vortices changes along the channel longitudinal
direction, the left vortex (near side wall 1) was expanding, while the right one (near side
wall 2) was contracting conversely. As a result, the centre of two counter-rotating vortices
migrated from left to right (more simulated cross-sectional plots are provided in the
supplementary material, which depicts the development of two microvortices clearly and
in detail). This periodical development could be induced by each arc-shaped groove
structure, and this double-vortex interaction could gradually guide particles to the right
sidewall 2 following the migration of the centre of counter-rotating vortices. Therefore, a
dynamic equilibrium position was formed, which agreed with the experiment results.
Moreover, a stronger secondary flow drag force exerts on larger particles and stabilize
the particle focusing, therefore 13 µm particle trajectories were pinched within a narrower
streak than those of smaller ones (8 and 4.8 µm particles). And because the vertical
component of vortex drag force, which tends to pull particles into the groove structures,
is much weaker compared with at that the high Reynolds number, small size particles (4.8
µm) could still retain within the bottom part of straight channel, not being trapped into
expansive groove structure. In conclusion, the change of geometry-induced secondary
flow vortex shape due to various Reynolds numbers results in the distinct particle
focusing modes and different equilibrium positions in the channel with arc-shaped groove
arrays.
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Figure 5-5 Mechanism of double-mode manipulation of microparticles in the microchannel with arc-shaped
groove arrays. Flow field simulation achieved by COMSOL Multi-physics 5.1. (a) The simulated results at
the high Reynolds number (127.27). (b) The simulated results at the low Reynolds number (2.29). (i) ~ (iv)
The cross-sectional flow field simulation plots depicted as the combination of velocity arrow and pressure
contour. The arrow size is proportional to the magnitude of flow velocity.

Figure 5-6 The 3D model of the channel segment was divided into 7 cross-sectional plots (a)-(g) to illustrate
the formation and development of the Dean-like vortex. The migration of the centre of double microvortices
is shown as the grey arrow.
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5.5.

Summary

In this Chapter, according to the observed new particle distribution phenomenon across
the large range of the flow condition in the redesigned double-layered microdevice, we
extensively investigated the geometry-induced secondary flow generation and changing
process in order to supplement its particle manipulating fundamental. We
comprehensively investigated the particle migration within the double-layered
microchannel with arc-shaped groove arrays across the Reynolds number from ~1 to ~100.
In the microchannel, the secondary flow vortex can be generated due to the pressure
gradient and varies in the aspects of magnitude and shape with the increase of Reynolds
number from ~1 to ~100. As a result, different particle migration were observed in the
microchannel because of the variation of the secondary flow. We studied the focusing
phenomenon experimentally and analysed the mechanism through the flow field
numerical simulations. It is shown that, at the high Reynolds number, the geometryinduced secondary flow rotates constantly along a direction, and most particles are guided
to the equilibrium positions near one side of the microchannel. On the other hand, at a
low Reynolds number, the geometry-induced secondary flow vortices are obviously
different like the variant Dean-like vortices which consists of two asymmetric counterrotating streams. And the particles are concentrated at another equilibrium position on the
opposite side of the microchannel. This secondary flow changing result is firstly proposed
and it can be a novel insight to the research of the inertial microfluidics.
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6. Top sheath flow-assisted secondary flow particle manipulation in
microchannels with the slanted groove structure *
6.1.

Introduction

The double-layered microchannel with expansion groove structure was first employed for
the mixing application by the secondary flow in microfluidics [64, 73]. Then it has been
demonstrated that this type of channel can also be used to regulate and improve the
original inertial particle focusing performance at a high Reynolds number [86]. In our
previous work, a microchannel with arc-shaped groove arrays was proposed to focus and
separate particles using the groove structure-induced secondary flow. This method could
focus the particles whose size is larger than 8 µm. However the smaller-sized particles
(4.8 and 3.2 µm) were distributed relatively evenly within the microchannel, and even a
number of small particles would be trapped into the expansion groove structure due to the
weak resistance against the trapping effect of the pressure gradient in the expansion
groove structure [32]. In the similar double-layered microchannel, a DEP-active
hydrophoretic method was introduced to focus the smaller size particle [105]. For the
typical hydrophoretic particle focusing method, the experimental data showed that there
is a target particle dimension limitation that only the particle with a diameter larger than
the half of the channel’s height is able to be manipulated effectively by the effects of
anisotropic expansion structure of the microchannel [125]. The integrated electrodes
patterned on the microchannel bottom would generate a non-uniform electric field. Then,
small size particles experienced a negative DEP force and were repelled from the channel
bottom to a narrow space close to the expansion structure. As a result the particle were
prone to be focused and aligned due to the effects of the hydrophoretic steric hindrance
[105]. However, this hybrid method which took the advantage of the passive microfluidic
technology-hydrophoresis, and the active microfluidic technology-DEP, had the inherent
problems as well. A complex set of external equipment was needed to generate and
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regulate the electrical field and the throughput was still much lower because particles
need to be exposed to the DEP force for a sufficient amount of time to achieve successful
focusing [17, 126].
In this work, we proposed an innovative microparticle manipulating method to
overcome the limitations of the previously reported approaches for controlling smaller
microparticles (< 8 µm) using the channel with the slanted groove structure with the
introduction of a sheath flow. A single sheath flow was introduced into the double-layer
microchannel from the microchannel top wall, and the suspended particles could be
pushed to the bottom area of the microchannel. In this area, the structure-induced
secondary flow was much more stable along a single direction and the stirring effect was
very weak, so that even the smaller-sized particle (4.8, 3.2 and 2.9 μm) could be focused
effectively. We investigated the effects of the total flow rate and the flow rate ratio
between sheath flow and sample flow on the manipulation performance. In addition,
other factors including the quantity of the expansion groove structure, particle
concentration and size on particle focusing performance were also studied to evaluate the
manipulation performance of this method. Finally, we successfully demonstrated the
blood plasma extraction from undiluted whole blood using this method. It was shown that
the blood plasma of 99% purity could be achieved after a single process and the result
proves the robust performance of this method on small biological cell manipulation.
6.2.

Working mechanism

The double-layered microchannel with the expansion slanted groove structure was
fabricated by the two-step photolithography technology shown as Figure 6-1(a) [12]. The
first layer is a straight channel with a rectangular cross section of 200 µm × 26 µm (width
(W) × height (H)). For the second layer, the arrays are composed of 100 slanted groove
structures arranged with 38 µm spacing (Ds) and oblique angle of 10º on the top surface
of the first layer-channel. The height (Hg) and width (Wg) of the expansion structure are
24 and 40 µm, respectively.
To investigate the mechanism of this sheath flow-enhanced secondary flow
manipulation method, COMSOL Multiphysics 5.1 (Burlington, MA) was used to
simulate the flow field within a segment of the channel with characteristic expansion
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groove structure. A 3D model was built and imported into COMSOL. The steady laminar
flow physics was selected for the model because of the low Reynolds number of channel
in microfluidics. The velocity of flow was set as 2.9162 m/s at the inlet. The boundary
condition was set as no-slip and the component was meshed by the free tetrahedral mesh
at the default finer level to ensure the accuracy of simulation results. In Figure 6-1(b), it
is obvious that an ellipse-shaped secondary flow was generated within the cross sections
of the microchannel because of the pressure gradient induced by the expansion groove
structure. The cross sections were divided into several areas according to the
characteristic of flow order to explain the manipulation theory clearly. The grey
rectangular area, which was close to the interface between straight channel and expansion
groove structure, was regarded as the “trapping area”. In this region, it could be found
that the secondary flow tended to drive the randomly distributed particles into the
expansion groove structure as the direction of the secondary flow biased to the expansion
structure. This bias could drive the particles into the expansion groove structure if the size
of particle was not large enough. When the sheath flow was introduced from the top
surface of the channel, the particles, which were initially distributed randomly within the
microchannel, could be pushed downward and restricted within the bottom “working area”
of the microchannel (dark blue rectangular area). In this area, the direction of the
secondary flow was mainly pointing towards the horizontal direction constantly. As a
result, the particles were moving horizontally in one direction and finally arrived at the
“focusing area” (green rectangular area) on the left side of the microchannel. However,
we also observed that the magnitude of the secondary flow in the “working area” and
“focusing area” was relatively weak compared with other areas within the cross sections
because of the “no-slip” boundary condition. And this might be the reason why the
particles were not able to be focused into a single tight streamline in the experiments, but
rather as a particle distribution band instead.
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Figure 6-1 (a) The schematic drawing and the pattern of the microchannel used in the experiment. (b) The
side view of the microchannel. (c )Dimensions of the characteristic expansion slanted groove structure of
the channel. (d) Finite element analysis of the flow field within a segment of the microchannel with the
characteristic expansion slanted groove structure using COMSOL Multiphysics. The 3D model was divided
into 8 cross sections (i)-(viii) to illustrate the disturbing flow field. Each image was composed of the
velocity arrow plot and pressure contour plot together.
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6.3.
6.3.1.

Results and discussion
Effects of the total flow rate and flow rate ratio

Figure 6-2 (a) Fluorescent microscope images of the 4.8 µm particle trajectory pattern at different flow
conditions. The flow rate (the sum of the sheath flow rate and sample flow rate) was increased from 200 to
700 μl/min and the flow rate ratio between of sheath flow and sample flow was ranging from 1 to 6. The
scale bar is 200 μm. (b) Distribution plots of 4.8 µm particles at the flow rate from 200 to 700 µl/min and
different ratios between the sheath flow and sample flow. All these plots were depicted according to the
achieved fluorescent intensity data of particle trajectory pattern.
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In this work, the particles with the diameter of 4.8 (CAT. NO. G0500, 5%CV), 3.2 (CAT.
NO. R0300, 5%CV) and 2.9 µm (CAT. NO. G0300, 5%CV) were suspended in the
deionized (DI) water respectively, with the concentration of 5×104 counts/ml. The
surfactant, Tween 20 (Sigma-Aldrich Product no. P9416), was added at the ratio of 0.1%
w/v in the particle suspensions to prevent the particles from aggregation and adhesion to
the walls of microchannel.
We conducted a series of experiments of 4.8 μm particles at different flow conditions
to investigate the effects of the flow rate and flow rate ratio between the sheath flow and
sample flow. The total flow rate was increased from 200 to 700 μl/min. In general, a
higher total flow rate and flow rate ratio of sheath flow to sample flow can improve the
particle focusing performance of this double-layered channel. Based on the captured
fluorescent patterns of the 4.8 μm particle (Figure 6-2(a)), at the flow rate of 200 to 300
μl/min, particles were not able to be focused effectively with all the tested flow rate ratios,
and the phenomenon that 4.8 μm particles were trapped and travelling spirally within the
expansion groove structure could be observed. However, there was still a clear trend that
the trapping phenomenon was weakened and a number of particles were gradually
focused to one side of the channel as the flow rate and flow rate ratio were increased.
When the flow rate was increased to 400 μl/min, the focusing performance of 4.8 μm
particles was further improved due to the generation of a stronger secondary flow. In
addition, a higher flow rate ratio was also found to be able to enhance the focusing
performance, as the stronger sheath flow could further push and restrict the particles into
a narrower band within the “working area”, which benefited the particle manipulation
performance. When the flow rate was between 500 to 700 μl/min, we found that particles
could be guided to one side of the microchannel to be focused as a band with all the tested
ratios (from 1 to 6). And the focusing performance was also slightly enhanced that the
focused particle band became relatively narrower at such a higher flow rate ratio shown
as the particle distribution plots in Figure 6-2(b).
6.3.2.

Other contributing factors

Besides the flow rate and flow rate ratio, we also studied the effects of the quantity of the
expansion groove structure, as well as the particle concentration and size on the
manipulating performance. First, the progress of the 4.8 µm particle focusing along with
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different quantities of groove structures at two different flow conditions were investigated,
as shown in Figure 6-3(a). When the flow rate was at 400 μl/min and flow rate ratio at 1,
only a portion of particles could be guided to the equilibrium position and the remaining
particles were still randomly distributed and the phenomenon of particle trapping in the
grooves can be observed obviously. On the contrary, at the flow rate of 600 μl/min and
the flow rate ratio of 2, all particles could be manipulated effectively and guided towards
the equilibrium position at the 75th segment of the channel and no trapping phenomenon
was observed throughout the whole process. Next, we examined the focusing
performance using a particle suspension with a higher concentration of the particle
(2.5×105 counts/ml) using the same microchannel at the same flow condition, as shown
in Figure 6-3(b), from which we could see that the particles could be focused into a narrow
band similar to the case of low particle concentration. Finally, at the flow rate of 700
μl/min and the flow rate ratio of 5, smaller-sized particles (3.2 and 2.9 μm) were observed
to be focused in a narrow band similar as the 4.8 μm particle (Figure 6-3(c)).

Figure 6-3 (a) 4.8 μm particles manipulation progress with different segments in the microchannel at two
flow conditions. (b) The particle manipulation on a particle suspension with a high concentration. (c) The
manipulation performance of the particle of 3.2 and 2.9 μm.

6.3.3.

Blood plasma extraction from the whole blood

It is known that the plasma is a straw-coloured liquid component, which contains a
diversity of biological analytes, such as the proteins, metabolites, exosomes and
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circulating nucleic acids (CNAs) [127]. Besides the blood plasma, nearly 45% of the
whole blood volume is made up of the different blood cells including the erythrocytes,
leukocytes and platelets. Therefore, plasma extraction is a necessary process to eliminate
the interference of blood cells for an accurate and reliable detection result [128]. Although
extensive works on extraction of blood plasma using microfluidic devices have been
reported, extraction of blood plasma from undiluted blood is a great challenge due to the
high concentration of blood cells [129, 130]. And some plasma extraction methods using
microfluidic technology has been summarized in Table 2. To prove the practical
functionality of this microfluidic manipulating method, we conducted blood plasma
extraction from the human whole blood (45% hct) using the proposed platform.
In our experiments, the sample of whole blood that was collected from a healthy donor
using vacutainer tubes (Vacuette) containing anticoagulant agent lithium heparin was
injected into the microchannel at the flow rate of 100 μl/min, meanwhile a sheath flow of
phosphate-buffered saline (PBS) (Sigma-Aldrich Product no. P5493-1L) at 400 μl/min
was applied. From the bright field images given in Figure 6-4(a)i, most blood cells were
pushed towards one side of the microchannel, however, there were still a large number of
blood cells trapped into the expansion groove structure. Blood cells were travelling within
the expansion groove structure and then get back to the straight channel in the opposite
direction. As a result, many blood cells were still distributed randomly and not able to be
guided to the focusing area, which would influence and decrease the purity of the plasma
at the outlet. Using the same microchannel at the same flow condition (total flow rate of
500 μl/min and the flow rate ratio of 4), the blood cells could be focused effectively when
the whole blood sample was diluted by ×8 times (5.63% hct), and nearly pure plasma
could be obtained from the outlet Figure 6-4(a)ii.
To further enhance the performance of plasma extraction for the undiluted whole blood,
the total flow rate was increased to 700 μl/min and the flow rate ratio was increased to 6
(100 μl/min of the sample flow and 600 μl/min of the sheath flow), it could be found that
all blood cells in the undiluted blood were generally pushed towards the focusing area by
the structure-induced secondary flow, as shown in Figure 6-4(a)iii. Afterwards, we put
the blood sample before and after extraction in a haemocytometer (Qiu Jian Biochemical
Reagents Instrument co.), and the bright field images showed that countless blood cells
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were stacked up layer by layer from the whole blood sample at the inlet. On the contrary,
only very few blood cells could be found in the extracted plasma at the outlet (Figure 64(b)). Meanwhile, both blood samples were diluted 20 times by PBS and further tested
by the flow cytometry, as shown in Figure 6-4(c). There were 258850 events detected in
the whole blood plasma at the inlet and only 222 events detected in the extracted plasma
at the outlet. This result validates that a blood plasma with purity over 99.9% could be
extracted from the whole blood after a single process.
Table 6-1 List of the flow rates of different particle focusing methods
Method

Sample throughput

Purity

Dilution

Inertial (spiral)[131, 132]

700 μl/min

100%

5%

Inertial (serpentine)[48]

350 μl/min

99.75%

5%

Inertial (this work)

700 μl/min

99.9%

100%

Hydrodynamic (DLD)[128]

0.4 μl/min

100%

100%

Hydrodynamic
(Centrifugal)[133]

15 μl/min

98.9%

100%

Dielectrophoresis[126]

0.5 μl/min

97%

11.1%

Acoustophoresis[134]

80 μl/min

98%

20%
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Figure 6-4 Human blood plasma extraction from the whole blood (a) Plasma extraction from the whole
blood (45% hct) at the total flow rate of 500 μl/min and the flow rate ratio of 4 (i); Plasma extraction from
the diluted blood (5.63% hct) at the total flow rate of 500 μl/min and the flow rate ratio of 4 (ii); Plasma
extraction from the whole blood (45% hct) at the total flow rate of 700 μl/min and the flow rate ratio of 6
(iii). (b) The bright-field images of (i) the whole blood sample before extraction, (ii) the extracted blood
cells solution and (iii) extracted blood plasma on the haemocytometer. (c) The achieved data from the flow
cytometry were processed and analysed by the software of FlowJo (Tree Star, Inc.).The X-axis (SSC-A)
represented the relative cell surface and intracellular complexity and the Y-axis (FSC-A) represented the
relative event size.

6.4.

Summary

In this chapter, based on the particle manipulating fundamental, the original doublelayered microchannel was modified to improve the manipulating ability on smaller size
particles. We employed a single sheath flow in the microchannel with the expansion
slanted groove structure. It was proven that the suspended small particles can be gathered
within the area near the bottom of the microchannel. As a result, the stable secondary
flow induced by the pressure gradient would guide the small particles towards one side
of the channel, and the high pressure of the assisting sheath flow can prevent the trapping
of small size particles into the expansion groove structure. Finally, we demonstrated that
blood plasma with a high purity of over 99.9% can be extracted from the undiluted human
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whole blood sample at a total flow rate of 700 μl/min and flow rate ratio of 6. These
characteristics enable our method to be able to serve as a great tool for separation or
filtration of cells, as well as easy integration with the downstream complex detection.
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7. Investigation of ultra-weak fluid viscoelasticity on particle
migration and manipulation in a double-layered grooved
microchannel *
7.1.

Introduction

The past decades witness the impressive development of microfluidic technologies in a
broad range of applications such as cell biology, chemical synthesis and practical
bioanalysis. Microfluidics has attracted tremendous interest because of its unique
capabilities (e.g., small sample volume, high resolution and sensitivity and short
processing time, etc.) compared to the macroscale counterparts [1, 135]. Microparticles,
which generally can be synthetic beads, droplets, cells as well as microbes, are of great
practical significance in real-world problems [136]. In these applications, microscale
particles are often required to be manipulated precisely and effectively, which can be
implemented through microfluidic technologies [129].
Viscoelastic microfluidics has been demonstrated to manipulate particles by taking
advantage of the intrinsic elastic lift force [137-140] or to enhance the solution mixing by
elastic instability [141-143]. Through regulating the inertial lift force exerted on the
particle, the synergetic effects of fluid inertia and viscoelasticity can reduce the number
of equilibrium positions to the centreline of a microchannel [144, 145]. High-throughput
3D particle focusing and particle separation can be achieved by exploiting the balance
among Dean drag force, inertial lift force and elastic lift force in microchannels [146,
147]. In these works, the concentration of PEO solutions is ordinarily on the order of
hundreds to thousands of parts per million (ppm) to effectively utilise the elastic lift force.
Besides the aqueous solutions with synthetic polymer additives, many naturally
occurring fluids are discovered to possess viscoelastic characteristics and can be used for
particle manipulation, such as the DNA and hyaluronic acid (HA) solutions [148-152].

*

Results of this chapter are published in: Qianbin Zhao, Kai Fan, Yuanyi Xie, Zilong Feng, Shi-Yang
Tang, Dan Yuan, Yuxin Zhang, Kun Wang, Guolin Yun, Sheng Yan, Xufeng Huang, Jun Zhang, NamTrung Nguyen and Weihua Li. “Investigation of ultra-weak fluid viscoelasticity on particle migration and
manipulation in double-layered grooved microchannel”, Under review.
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For example, λ-DNA solutions with a low concentration (5 ppm) have been demonstrated
to focus suspending particles on the similar equilibrium positions compared with those in
a PEO solution. This phenomenon is attributed to the much longer relaxation time of
DNA solutions due to their biological structural rigidity [153]. Lim et al. reported that
particles can be concentrated toward the centreline of the microchannel at Reynolds
number up to ~10,000 in the ultra-diluted hyaluronic acid (0.1% HA solution) [154].
Notably, for this viscoelastic particle focusing, the Reynolds number of the channel has
even exceeded the upper threshold of the laminar flow regime (approximately 2040) [155].
In diluted non-Newtonian fluid flow, the turbulence phenomenon is speculated to be
inhibited with polymer additive concentration through the recoil of the elastic long-chain
polymer molecules in the vortex regions [156-159].
In addition to these homogeneous fluids, some common complex heterogeneous
biological fluids also exhibit non-Newtonian characteristics such as blood and saliva [160,
161]. In a bloodstream, red blood cells (RBCs) stack and aggregate because of the flat
surface of the discoid cell shape at a low shear rate, which contributes to the nonNewtonian and shear-thinning characteristics of whole blood [162, 163]. As a result, the
non-Newtonian rheological behaviour of blood is mainly determined by the deformable
RBCs, which constitutes nearly 45% by volume of the whole blood [161]. Blood plasma
is the liquid component of blood making up approximately 55% by volume and is
normally assumed to be a Newtonian fluid [162]. Until recently, Brust et al. observed
distinct viscoelastic characteristics of pure plasma using the capillary breakup extensional
rheometer (CaBER) and contraction-expansion microchannel [161]. Microfluidic
technologies have been used widely for blood sample processing, such as blood plasma
extraction [139], blood cell fractionation [164] and circulating tumour cells (CTCs)
isolation [165]. However, the ultra-weak viscoelasticity of blood plasma is often ignored
and may cause significant errors in some cases. In previous work, we implemented plasma
extraction from the whole blood using an inertial microfluidic method, and nuances of
the trajectory position of blood cells and substitute polystyrene particles was noticed
[166]. Apart from the size coefficient variation between cells and polystyrene particles,
we hypothesise that the cell trajectory is affected by the weak viscoelastic characteristics
of blood and plasma. As the high resolution and precision of particle manipulation are
normally required in biomedical applications (e.g., flow cytometry, or CTCs separation
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from blood), the effects of the common biological fluids (such as blood plasma) and ultradiluted polymer solutions on particle manipulation needs to be carefully examined [129,
167, 168].
In this work, we investigated the effects of ultra-diluted non-Newtonian fluids with
weak viscoelasticity in a double-layered grooved microfluidic channel (Figure 7-1). First,
we experimentally investigated the lateral migration and distribution of 9.9 µm particles
in aqueous PEO solutions, with a PEO concentration ranging from 5 to 500 ppm. The
effects of flow rate, particle size and polymer molecular weight were also studied.
Subsequently, we suspended the particles in several common biological fluids, such as
blood plasma, fetal bovine serum (FBS) and bovine serum albumin (BSA) solutions, and
experimentally investigated migration behaviour of particles in the double-layered
grooved channel. The results indicated that blood plasma and FBS solutions both show
very weak but non-negligible viscoelastic effects, while BSA solutions exert none
viscoelastic effects on the particle migration, similar to that of DI water. Finally, through
calibrating the biological fluid with PEO solutions of different concentrations regarding
the particle distribution, it could serve as a probe to estimate the weak viscoelasticity of
various biological fluids.
7.2.
7.2.1.

Theory
Inertial effects

Generally, the inertia is ignored in a microfluidic system because the most fluid flow
occurs at the low Reynolds number regime (Re = 𝜌𝚏 𝑈𝐻/𝜇; where 𝜌𝚏 is fluid density; 𝑈
is flow velocity; 𝜇 is dynamic viscosity; 𝐻 is hydraulic diameter) because of the small
microchannel. However, recent studies demonstrated that the inertial effects are not only
non-negligible but also contribute to the particle migration in some cases. Inertial effects
are important and can be employed to manipulate particles in microfluidic applications,
termed as inertial microfluidics [12]. Inertial migration is a phenomenon that the
randomly dispersed spherical particles migrate to several equilibrium positions within the
cross section after travelling a long enough distance in a microchannel at a moderate
Reynolds number [169, 170]. Inertial migration is attributed by the counteraction of two
primary inertial effects, the shear gradient lift force and wall lift force [27].
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Additionally, a secondary flow is always utilized in inertial microfluidics.
Meticulously-designed structures of the channels (e.g., curved channel, obstacle,
expansion or contraction) can induce the velocity mismatch along the streamline,
contributing to the pressure gradient in the transverse direction [12]. As a result, in the
cross-section of the microchannel, forms of pressure-driving enclosed vortices can be
generated and determine the corresponding drag force on particles.
7.2.2.

Viscoelastic effects

In non-Newtonian viscoelastic fluid flow, apart from the inertial effects, the behaviour of
particles is also affected by the elastic lift force. The viscoelastic effects on the particle in
a rectangular microchannel can be characterized by the non-dimensional Weissenberg
number (Wi):
𝑊𝑖 = 𝜆𝛾̇ = 2𝜆𝑈/𝐻

(7-2)

where 𝜆 and 𝛾̇ are the relaxation time and characteristic shear rate, respectively. As the
non-uniform normal stress differences contributing to the elastic lift force exerted on
suspended particles, an extra tension along the streamline is induced by the first normal
stress difference (N1, τ11-τ22), and a secondary flow is also generated by the second normal
stress difference (N2, τ22-τ33) within the cross section [171-174]. Here, τ11, τ22, τ33 are the
normal stress in the flow, velocity and vorticity direction, respectively. Normally, Since
the magnitude of the N2 is much smaller compared with the N1, the effects of N2 can be
neglected in the diluted viscoelastic solutions. As a result, the elastic force 𝐹 originating
from the imbalance of the distribution of N1 over the size of the particle can be defined
as：
𝐹 = 𝐶 𝑎 ∇𝑁 = −2𝐶 𝑎 𝜂 𝜆∇𝛾̇

(7-3)

where, 𝐶 is the elastic lift coefficient and 𝜂 is the polymeric contribution to the solution
viscosity [175]. The direction of 𝐹 is pointing to the lowest shear rate region. In a channel
with a high aspect ratio (w/h>>1), particles tend to concentrate at the central plane
between two long sidewalls, Figure 7-1(c).
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7.3.
7.3.1.

Materials and methods
Design and fabrication of the double-layered microchannel

The double-layered grooved microchannel proposed in this work was fabricated by the
technology of two-step photolithography [3]. Shown as the inset in Figure 7-1(a), the first
layer is a straight rectangular channel with the cross section 200 µm × 20 µm (width (w)
× height (h)), the aspect ratio (h/w) of 0.1. The second layer is the expansion-contraction
arc-shaped groove arrays composed of 70 repeating structures. For this characteristic
grooved structure, the arc-shaped pattern has a large curvature of 650 µm (Rl) and small
curvature of 600 µm (Rs). The height of the expansion-contraction structure (Hg) is 20 µm
and the spacing between each groove (Ds) is 50 µm.

Figure 7-1 (a) A schematic illustration of the proposed double-layered grooved microchannel and the
different particle migrations observed in the non-Newtonian viscoelastic fluids. (b) 9.9 µm particle
distribution at the end of the grooved channel for the flow rate from 5 to 1000 µl/min. The PEO
concentration is 25 ppm. (c) Cross-sectional contours show the distribution of shear rate squared (𝛾̇ ). It is
shown that the elastic lift force tends to concentrate particles to the central plane between two long sidewalls,
where the shear rate is lowest.
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7.3.2.

Materials

In the later experiments, the commercial fluorescent polystyrene (PS) particles were
purchased from Thermo Fisher Scientific, including the diameter of 13 µm (CAT. NO.
36-4, 16% CV), 9.9 µm (CAT. NO. G1000, 5% CV) and 4.8 µm (CAT. NO. G0500, 5%
CV). All fluorescent PS particles were suspended into deionized (DI) water, and 0.1%
w/v Tween 20 (Sigma-Aldrich, Product NO. P9416) was added to prevent the particle
aggregation and adhesion to the channel walls.
Besides, the flexible long-chain polymer powder, poly(ethylene oxide) (PEO, SigmaAldrich), was dissolved into DI water, serving as the homogeneous chemical nonNewtonian fluids and the concentrations of PEO are 5, 10, 25, 50, 100, 250 and 500 ppm,
respectively. Two kinds of PEO powder with the molecular weights of 2,000,000 and
4,000,000 were prepared.
Blood was taken from a healthy donor by vacutainer tubes (Vacuette) coated with
anticoagulants and centrifuged instantly at 4,000 rotations per minute (rpm) for 5 minutes.
The supernatant of pure plasma was achieved. Polystyrene beads were suspended in the
blood plasma, bovine serum albumin (BSA) and fetal bovine serum (FBS) to investigate
the viscoelastic effects of these biological fluids. Fetal bovine serum is the most widely
used growth supplement in the cell culture and widely involved within the cell sample
preparation. Meanwhile, serum albumin is the most abundant globular protein comprising
the human blood plasma. In this work, bovine serum albumin (BSA, Sigma-Aldrich) with
the molecular weight of 66,000 was added into the DI water at the concentration of 12
mg/ml and stirred overnight using a shaker.
7.3.3.

Image acquisition and processing

The injecting flow rate of particle suspension was controlled by a syringe pump (Legato
100, Kd Scientific, USA). And the inverted microscope (CKX41, Olympus, Japan)
equipped with a high-speed CCD camera (Optimos, Q-imaging, Australia) was used to
observe and capture the fluorescent PS particle trajectory images at an exposure time of
15 ms. For every condition, 50 consecutive image frames were captured simultaneously
and stacked by the image processing software Q-Capture Pro 7 (Q-imaging, Australia).
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7.3.4.

Numerical simulation

The numerical simulation of flow field was conducted by the finite element software
(COMSOL Multi-physics 5.1, Burlington, MA). For the typical microfluidic system,
steady laminar flow physics was employed. The boundary condition was set as no-slip
and the physical property of fluid was incompressible flow. The order of finite element
was set as P1+P1, the default setting of COMSOL Multiphysics. The 3D model of the
channel was meshed with free tetrahedral grid at the default finer level to ensure the
accuracy of numerical results.
7.4.
7.4.1.
7.4.1.1.

Results and discussion
Particles in PEO aqueous solutions
Effects of PEO concentration

Here, the viscoelastic effects of PEO solutions on the particle migration were
comprehensively studied using the double-layered microchannel. First, the effects of PEO
concentration was investigated, and we especially focused on the effects of ultra-diluted
PEO solutions (from 5 to 50 ppm), where the weak viscoelasticity of fluid is usually
ignored for microfluidic technologies [145]. In the experiments, 9.9 µm particles were
mixed uniformly into all the prepared PEO (Mw=2,000,000) solutions at the
concentration of 4×105 counts/mL, and the PEO concentration was 0, 5, 10, 25, 50, 100,
250, 500 ppm, respectively. The input flow rates were increased from 10 to 1000 µl/min.
Based on the particle fluorescent trajectory patterns (Figure 7-2(a)) and normalized
intensity profiles (Figure 7-3), we observed that the final distribution in different
concentrated PEO solutions significantly varied. In the control experiment with DI water,
particles could obviously focus to one sidewall of the microchannel at low flow rates
(10~20 µl/min) and shift to the opposite sidewalls at high flow rates (500~1000 µl/min).
In these focusing regimes, the low flow rate equilibrium position El was established by
the microstructure-induced pressure field, which is also called as hydrophoresis.
Meanwhile, the high flow rate equilibrium position Eh was established by the strong
geometry-induced secondary flow [25, 176]. When the concentration of PEO increased
from 0 to 25 ppm, the particle focusing performance at low flow rates was progressively
improved as 9.9 µm particles were observed to be sustained at the equilibrium position El
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at a higher flow rate (≥20 µl/min). The trend is illustrated by the red arrow. In contrast,
the particle focusing performance at high flow rates gradually weakened as the increase
of PEO concentration (the trend is illustrated by the blue arrow). Although some 9.9 µm
particles could be still guided to and sustained at the equilibrium position Eh, an increasing
number of particles were found to escape from the constraints of the secondary flow and
dispersed randomly within the microchannel.
Remarkably, in the 25 ppm PEO solutions, 9.9 µm particles could achieve the optimal
hydrophoretic focusing within a wider flow rate ranging from 10 to 100 µl/min.
Furthermore, the large-scale particle trajectory pattern at 100 µl/min (Figure 7-4(a)i)
shows that the single streak of focused particles slightly shifted to the centreline, implying
an unstable condition among the inertial lift force, secondary flow drag force and elastic
lift force at a critical condition. On the other hand, as the flow rate continuously increased
to 250 µl/min, the turbulence vortices occurring within the microchannel, trapping
particles within the sudden expansion and contraction structures in the slanted grooves,
defined as the elastic turbulence. Besides, for PEO solutions with higher concentration
(≥25 ppm), the effective flow rate range for the hydrophoretic focusing was narrowed,
and the upper limit of flow rate was dropped to 20 µl/min in the 500 ppm PEO solutions.
In summary, PEO solutions could obviously affect the particle focusing range. And the
critical working flow rate was determined by the concentration of PEO addictive (e.g., 50
µl/min for the 5 ppm PEO solution; 60 µl/min for the 100 ppm PEO solution (Figure 74(a)ii); 40 µl/min for the 250 ppm PEO solution (Figure 7-4(a)iii)).
In the double-layered grooved microchannel, the mechanism of particle focusing is
based on the interaction among three intrinsic hydrodynamic forces exerted on the
buoyant particles, including the inertial lift force, secondary flow drag force and elastic
lift force. In the previous work, we have proven that for Newtonian fluid at the high flow
rates, the geometry-induced secondary flow rotates constantly along a direction guiding
particles to the equilibrium position Eh at one sidewall of channel. On the other hand, the
shapes of secondary flow are obviously different at the low flow rates, and the variant
Dean-like vortices formed to guide particles to the opposite side of the microchannel
[176]. Due to the addition of PEO, viscoelastic effects were introduced to the original
inertial microfluidic regime, and complicated the situation, Figure 7-2(a).
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Here, we divided the particle focusing patterns in non-Newtonian fluid into six
different regimes based on the counteraction among three external forces:
1) Elastic-assisting hydrophoretic focusing, Fe<FD, FL~0. Particles were concentrated to
the central plane of the channel by the elastic lift force and hydrophoretic vortices were
able to guide the particle to the equilibrium position El more efficiently (shown as Figure
7-2(b)i). This condition normally occurred below the flow rate of 100 µl/min, represented
by the colour of red;
2) Secondary flow focusing, FL> FD >>Fe. In the Newtonian fluid, secondary flow drag
force drove particles to the equilibrium position Eh and balanced with the inertial lift force
(shown as Figure 7-2(b)ii). This condition occurred only in DI water at the high flow rates
(≥250 µl/min), represented by the colour of purple;
3) Transitional region. The inertial lift force, elastic lift force and secondary flow drag
force were out of balance (shown as Figure 7-2(b)iii), FD>FL or Fe. This condition
occurred at the transitional flow rate range (from ~20 to ~250 µl/min), where neither
elastic force nor inertial lift force can balance the secondary flow drag, represented by the
colour of white;
4) Elastic-deteriorating secondary flow focusing. The elastic lift force broke the balance
condition of secondary flow focusing (shown as Figure 7-2(b)iv), FL-Fe<FD. This
condition occurred at the high flow rate (≥250 µl/min) in low concentration PEO solutions
(≤25 ppm), represented by the colour of blue;
5) Elastic turbulence. The turbulence arose from the sudden expansion and contraction
structures in the slanted grooves and the circulating vortices formed by fluid elastic effects,
trapping and twisting the particles within the slanted grooves (shown as Figure 7-2(b)v)
[177, 178]. This condition occurred at a high flow rate (≥35 µl/min) in high concentration
PEO solutions (≥25 ppm), represented by the colour of yellow. Based on the above
definition, we established a colour map (Figure 7-2(c)) assembling all the focusing
regimes depicted by the corresponding colour squares. It clearly illustrated the particle
focusing patterns at different flow rates are affected by the viscoelastic effects of varying
PEO solutions.
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Figure 7-2 (a) Fluorescent 9.9 µm particle trajectory patterns captured at the outlet of the double-layered
grooved microchannel. The input flow rate is from 10 to 1000 µl/min, and the concentration of PEO
solutions prepared is from 0 to 500 ppm. In patterns, the red arrow indicates the augment of hydrophoretic
particle focusing applicability due to the moderate fluid viscoelasticity; The purple arrow indicates the
secondary flow particle focusing; The blue arrow indicates the deterioration of secondary flow-focusing
due to the weak viscoelasticity of PEO solutions; The yellow arrow indicates the emergence of elastic
turbulence and the deterioration of hydrophoretic particle focusing; The green arrow indicates the
disturbance of enhanced elastic lift force on the hydrophoretic particle focusing. Scale bar represents 100
μm. (b) Schematic diagrams of particle migration development at different flow conditions. Particles
passing through the microchannel affected by the inertial lift force, geometry-induced secondary drag force
and elastic lift force. i Elastic-assisting hydrophoretic focusing, represented by red square; ii Secondary
flow focusing, represented by purple square; iii Transitional region, represented by white square; iv Elasticdeteriorating secondary flow focusing, represented by blue square; v Elastic Turbulence region, represented
by yellow square. (c) Particle migration colour maps. The colour maps depict the change of particle
migration under the viscoelastic influence of PEO solutions. The colour of each unit represents
corresponding particle focusing regime.
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Figure 7-3 Normalized fluorescent intensity profiles of the particle trajectory patterns in different
concentration PEO solutions. The input flow rate was increased from 10 to 1000 µl/min. These plots are
able to show the particle ultimate distribution along the channel width after the migration. i Profiles of 0
ppm PEO solutions (DI water); ii Profiles of 5 ppm PEO solutions; iii Profiles of 10 ppm PEO solutions;
iv Profiles of 25 ppm PEO solutions; v Profiles of 50 ppm PEO solutions; vi Profiles of 100 ppm PEO
solutions; vii Profiles of 250 ppm PEO solutions; viii Profiles of 500 ppm PEO solutions.

Figure 7-4 (a) i Particle trajectory pattern in 25 ppm PEO solutions at the flow rate of 100 µl/min; ii Particle
trajectory pattern in 100 ppm PEO solutions at 60 µl/min; iii Particle trajectory pattern in 250 ppm PEO
solutions at 40 µl/min. (b) i 4.8 µm particle trajectory pattern in 25 ppm PEO solutions at 25 µl/min; ii 4.8
µm particle trajectory pattern in 25 ppm PEO solutions at 500 µl/min.
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7.4.1.2.

Particle migration and focusing along the channel length

The full process of particle migration along the microchannel length, which was affected
by the fluid viscoelasticity was explored, Figure 7-5. At 75 µl/min, we observed that in
25 ppm PEO solutions, 9.9 µm particles were concentrated to the equilibrium position El
with the assistance of moderate elastic lift force and formed the single streamline focusing
pattern after the 46th groove structure, whereas particles were not able to be focused in DI
water, Figure 7-5(b). In contrast, at 500 µl/min, particles were concentrated at the
equilibrium position Eh from the 66th groove structure in DI water while particles were
disturbed in 25 ppm PEO solutions Figure 7-5(b)iii-iv.
Interestingly, an unexpected particle “dispersion-focusing-dispersion” phenomenon
was observed at several specific flow conditions. As shown in Figure 7-5(a)ii and Figure
7-5(b)v-vi, in 50 ppm PEO solutions at 75 µl/min, the focused 9.9 µm particles would
first migrate gradually to one sidewall, and focused as a tight streak, and then in the
downstream dispersed progressively and uniformly again. Besides, we found that this
“dispersion-focusing-dispersion” transformation can only appear in the PEO solutions
with relatively high concentration (≥ ~25 ppm) and at the specific flow rate. The flow rate
was the upper limit for effective hydrophoretic focusing. Noticeably, the “second
dispersion” was found to be different from the randomly distributed particles at the
channel entrance (“first dispersion”). Compared with the stable laminar particle
distribution, the “second particle dispersion” was in a more chaotic condition due to the
existence of the turbulent vortex within the microchannel. Besides, the similar particle
migration phenomenon could also be observed for the 13 µm particles as well. We
speculated that the accumulation of fluid elastic effects in the grooved structures would
be responsible for the “dispersion-focusing-dispersion” transformation phenomenon.
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Figure 7-5 (a) The particle migration progress along the microchannel length in the double-layered grooved
microchannel. The green number above is the sequence number of grooved structure, representing the
position along the microchannel length. i The development of particle migration in DI water and PEO
solutions. The weak fluid viscoelasticity was able to augment or weaken the ability of particle focusing
performance at the corresponding flow conditions. ii Intriguing particle “dispersion-focusing-dispersion”
phenomenon of 9.9 and 13 µm particles appeared along channel length at the several specific conditions.
(b) Corresponding particle distribution plots along increasing channel length based on the fluorescent
normalized intensity for different PEO concentrations and flow rate i DI water at 75 µl/min; ii 25 ppm PEO
solutions at 75 µl/min; iii DI water at 500 µl/min; iv 25 ppm PEO solutions at 500 µl/min; v 50 ppm PEO
solutions at 75 µl/min; vi 100 ppm PEO solutions at 60 µl/min. The floating column illustrates the particle
distribution band along the width of the channel and the colour of column describes the focusing pattern
consistent with the colour maps defined in Figure 7-2.

7.4.1.3.

Effects of PEO molecular weight and particle size

The effects of the PEO molecular weight (Mw) and particle size were also studied (Figure
7-6). In 50 ppm PEO solutions, the large Mw PEO solutions could intensify the elastic
turbulence for the wider particle distribution band at 75 µl/min, Figure 7-6(b)i-ii. In 100
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ppm PEO solutions, the promotion effects were more significant and the elastic
turbulence was generated in advance at 50 µl/min compared to that in 2 million Mw PEO.
This is because that the PEO with large Mw possesses a stronger viscoelastic effect for
longer relaxation time, according to Equation (7-2). In terms of particle size, the larger
particle (13 µm) could be affected by PEO solutions and had a similar change in particle
migration as that of 9.9 µm particles. Whereas smaller particles (4.8 µm) were not able
to be focused at either equilibrium positions from 5 to 1000 µl/min, Figure 7-6(c). The
size of the particle was too small, the elastic lift force and secondary flow drag force were
not able to stabilize them effectively.

Figure 7-6 (a) Fluorescent 9.9 µm particle trajectory patterns in 2M and 4M Mw PEO solutions for flow
rates from 10 to 1000 µl/min. PEO with the molecular weight of ~2M and ~4M were dissolved into the
particle suspensions at the concentration of 50 and 100 ppm, respectively (b) Corresponding particle
distribution plots based on the normalized fluorescent intensity. (c) Fluorescent 4.8 µm particle trajectory
patterns in 25 ppm PEO solutions.
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7.4.2.

Particles in biological fluids

It is well known that many biological fluids (e.g., blood, saliva, sputum, and pleural
effusions) exhibit viscoelasticity as well. Here, we examined three common biological
fluid i.e., blood plasma, FBS and BSA solutions which are often regarded as the
Newtonian fluid [162, 179, 180]. Polystyrene particles (9.9 µm in diameter) were mixed
into the plasma, FBS and BSA solutions, respectively, and these mixtures were injected
into the double-layered microchannel at flow rates ranging from 10 to 1,000 µl/min.
Figure 7-7 shows that in the pure plasma, 9.9 µm particles were able to be focused at the
flow rate from 10 to 40 µl/min at the equilibrium position El, and to be defocused at the
high flow rate (from 500 to 1000 µl/min). Whereas, for Newtonian fluid, 9.9 µm particles
can only be focused at El at flow rate under 20 µl/min, and to the position Eh at the flow
rate over 500 µl/min. Thus, it indicates that the pure plasma exhibited a distinct
viscoelastic property similar to that of PEO solutions.
For the FBS solutions, 9.9 µm particles achieved a better focusing quality at El from
10 to 50 µl/min, and similarly, there was no particle focusing Eh at the high flow rates.
Thus, the FBS solution exhibited similar viscoelasticity as that of the plasma. Furthermore,
the aqueous BSA was prepared at the high concentration of 12 mg/ml and mixed with 9.9
µm particles for the comparison, because the serum albumin (SA) is the most abundant
protein of the blood plasma constituting more than 50% of the whole blood plasma
proteins [181]. However, we found that, for the BSA solutions, the focusing pattern of
particles was the same as that in DI water. It indicates that the BSA alone is not the
functioning protein that endows the viscoelasticity of blood plasma, although it is most
abundant in blood plasma.
Through comparing the pattern of colour squares of the biological fluids with the
established standard colour map of PEO solutions, Figure 7-7(c), we could estimate that
the plasma and FBS solutions exhibited the viscoelastic effects on particle migration
similar to 5 ppm (relaxation time λ, 0.45 ms) and 10 ppm PEO solutions’ (relaxation time
λ, 0.7 ms), respectively. These estimates agree well with the previous research results
using capillary breakup extensional rheometer (CaBER) where relaxation time of blood
plasma was estimated from 0.43 ms to 0.57 ms [161].
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In microfluidics, the weak viscoelastic effects of biological fluids such as plasma,
blood and FBS solutions have been usually ignored. Newtonian DI water with applicable
sized polystyrene beads is often served as the substitute to predict biological particle
motion in the biological fluids. Based on the study in this work, weak viscoelasticity of
fluids can definitely affect the particle motion and the accuracy of other model fluids
should be taken into consideration. On the other hand, as similar viscoelasticity exhibited
in the particle migration as that in blood plasma, the cheap and accessible FBS solutions
could be a potential surrogate for the blood plasma to take into account the weak
viscoelasticity of blood plasma. Finally, by calibrating the particle migration and
distribution pattern map in the biological fluids with that in the PEO solutions of different
concentrations, the proposed method could provide an easy alternative method to probe
the weak viscoelasticity of various biological fluids.

Figure 7-7 (a) 9.9 µm Particle trajectory patterns in blood plasma, FBS and BSA solutions. (b) Normalized
fluorescent intensity profiles show the particle distribution along the channel width for the flow rate from
10 to 1000 µl/min. (c) Colour maps of three biological fluids, pure plasma, FBS and BSA solutions. The
maps were established by the same method as that of PEO solutions and indicated that three biological
fluids exhibited different viscoelasticity. The 12 mg/ml BSA solutions showed a completely Newtonian
fluid behaviour. And the plasma and FBS solutions exhibited a similar weak viscoelastic effect on the
particle migration as that of 5 ppm PEO aqueous solution.
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7.5.

Summary

In this work, the double-layered microdevice was explored its potential for other
microfluidic research and applications. In the research of non-Newtonian fluid
microfluidic system, we found that even ultra-weak viscoelasticity of fluid could
significantly affect the particle migration and distribution using a double-layered grooved
microchannel, which has been overlooked in the previous studies. In the experiments with
diluted PEO solutions, the development of viscoelastic effects on the particle migration
and final distribution was based on the interaction among inertial lift force, secondary
flow drag force and the elastic lift force. Using the double-layered grooved microchannel,
particle manipulation was highly sensitive to the change of PEO concentration. An
imperceptible 5 ppm concentration changing could be reflected in particle migration.
Accordingly, we implemented the study of viscoelastic effects of some common
biological fluids on particle migration and ultimate distribution using the microchannel.
The results demonstrated that both blood plasma and FBS solutions exhibited pronounced
non-Newtonian effects on the migration of particles. Furthermore, through comparing the
colour maps of the biological fluids to the standard PEO maps, we can estimate the
viscoelastic effects (Wi) of the heterogeneous biological fluids easily and quickly. In
summary, a rheological probe based on this microfluidics channel shows the great
potential to detect non-Newtonian effects on microfluidics particle manipulation
intuitively.
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8. Conclusion and future work
8.1.

Conclusions

This work aims to investigate the particle manipulation mechanism and phenomenon in
the proposed double-layered microchannel, which is studied by the experiments and finite
element simulation of disturbed flow filed in the microchannel cross section. According
to the experimental results achieved, we continuously update and polish the particle
manipulating technology using our proposed microfluidic channel to meet the practical
application requirements.
8.1.1.

Particle manipulation using the double-layered microchannel with a
groove array pattern

In this work, we have known that, in the double-layered microchannel with groove array,
the geometry-induced secondary flow is changed significantly as the variation of flow
rate (Reynolds number) condition. The different shape induced secondary flow can bring
about distinctly different particle migration. At the high Reynolds number (≥100), a
sheathless, three-dimensional and high-throughput particle (≥8 µm) focusing method
using the geometry-induced secondary flow is achieved utilising the circulating oval
secondary flow. The particle can be focused in a short microchannel with 50 groove
structures and it has been shown that the flow condition of optimal focusing performance
is closely linked with the particle size. Meanwhile, different size particles can be
separated due to the weak secondary flow effects on the small size particles (≤5 µm).
Additionally, the different size particle separation experiment shows that the particle
manipulation is qualified at a wide range of flow rate (from 600 to 1200 µl/min), which
means this proposed separation or filtration microfluidic technology is insensitive to the
flow rate. This fascinating feature enables the platform to be integrated into the
comprehensive and complex biological analysing system easily and feasibly.
On the other hand, we successfully improve the secondary flow particle manipulation
capability in our double-layered inertial microfluidic device, especially on the relatively
small size particles (≤5 µm, ≥2 µm) through the employment of the sheath flow from the
top surface at the inlet of the microchannel. The particles are pushed to the bottom area
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far from the groove structure and receive the stronger secondary flow effects focused on
the corresponding equilibrium position. Without the requirement of microchannel size
reduction, this improved method can greatly enhance particle manipulation performance.
Finally, the normally negligible effects of ultra-diluted non-Newtonian fluid on particle
migration is studied using the microchannel with groove structure. However, shown as
the experiment results, even 5 ppm PEO solutions can significantly affect the original
particle migration and ultimate particle distribution near the microchannel outlet. The
viscoelastic effects are also improved as the increase of PEO additive concentration. The
corresponding viscoelastic effects, such as the elastic lift force and non-Newtonian vortex
can be observed. We summary the particle migration to six different regimes based on
the counteraction among three external forces. Moreover, an unexpected new particle
“dispersion-focusing-dispersion” particle migration along the microchannel is first
observed and we speculate that this interesting phenomenon is induced by the
accumulation of fluid elastic effects at the critical flow condition.
8.1.2.

Practical applications based on the inertial microfluidic platform using
geometry-induced secondary flow

First, the three-dimensional focusing of Jurkat cells has been successfully realised at the
high flow rate condition (1100 µl/min) in the microchannel with the arc-shaped groove
array. The manipulation theory is validated by the particle (≥ 8µm) focusing experiment
in advance. The intrinsic inertial microfluidic feature also offers the attractive advantage
of the ability to process the large volume of biological sample at short notice. As a result,
this research achievement provides a feasible sheathless and three-dimensional cell
focusing inertial microfluidic method, which is potential to play an important role in the
biological analytic assays and clinical diagnosis such as the flow cytometry device.
Then, based on the improved particle manipulation method using the sheath flow in
Chapter 6, we conduct the blood plasma extraction application using the proposed doublelayered microchannel with a slanted groove pattern. The sheath flow can prevent the small
size blood cells from being trapped into the expansion groove structure. And through
modulating appropriate sheath flow to the blood sample flow, the blood plasma with the
purity of over 99% can be achieved from undiluted human whole blood sample at the
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total flow rate of 700 μl/min. The available target particle size limitation is decreased to
2 μm from 8 μm because of the secondary flow efficiency improvement. As a result,
besides the large cancer cell, reproductive cell and somatic cell etc., many small cells
such as the red blood cell and platelet, even some bacteria, can be manipulated by our
microfluidic platform as well.
In Chapter 7, through the calibration of the particle migration condition between the
standard PEO solutions and complex biological fluids, this double-layered microchannel
can work as a viscoelasticity probe to estimate the Weissenberg number of weak
viscoelastic biology fluids, such as the FBS and blood plasma. The experiment results
show that the viscoelastic effects of the biological fluids can affect the original particle
migration and change the particle distribution at the outlet, which should not be ignored.
Here, a colour map depicting the relative relation between the effects of the ultra-weak
viscoelasticity of different concentration PEO solutions and the particle migration within
the microchannel can be used to analyse the viscoelastic effect intensity of the
heterogeneous fluids precisely.
8.2.
8.2.1.

Future works
Manipulation of submicron and nanometre particles using the
optimized double-layered microchannel with tropology

In our research, the particles with the size ranging from 2 to 24 µm have been employed
and demonstrated to be manipulated (mixing, focusing and separation etc.) using the
proposed double-layered microchannel with disturbing obstacles. First, shown as the
experiment results in Chapter 3, 4 and 5, it is observed that the particle size is limited to
be larger than 8 µm, so that the particles could be manipulated and focused effectively,
Based on the difference focusing performance of different size particles, we conducted
the particle separation for the binary particle solutions involving the large size particle
(>8 µm) and the small size particle (<5 µm). And the improvement of the geometryinduced secondary flow particle manipulating performance and efficiency could be
greatly improved through the assistance of the sheath flow for the microchannel top
surface. The results are that smaller submicron size particles (~2 µm) particles could be
focused at a large range of flow rate with the moderated sheath flow applied. And it is
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noticed that, for this improved method, the geometry size of the used double-layered
microchannel was not altered and the same to the one used in Chapter 3 for the sheathless,
three-dimensional particle focusing, but the effective target particle size was reached up
to the submicron level (~2 µm). It is also known that for most inertial particle
manipulation
The easiest and most available method to improve the nanoscale particle manipulating
performance of inertial microfluidic device is to reduce and adjust the microchannel size
to adapt the target particle size. As a result, Wang et al. and Cruz et al. employed the sizereduced microchannel with the cross section of (10×20 µm and 5×10 µm, H×W) to focus
the ~1 µm particle using the inertial effects. However, it is known that the microchannel
size reduction will induce the problem of high hydraulic resistance, which means that the
inlet pressure of the microchannel is around tens of bars for such a small device. As the
microchannel used normally fabricated by the PDMS and glass slide, such a high running
pressure will bring about the problem of microfluidic device feasibility. The active
microfluidic technologies which can promise the precise particle manipulation ability is
suitable and available to the nanoparticle manipulation. Boettcher et al. have
demonstrated the trapping of 200 nm nanoparticles using the DEP force-generated
vortices and the efficiency is 100% [182]. But the fabrication of microfluidic device is
quite complex.
In another example, Wunsch et al. presented a nanoscale DLD arrays with the pillar
gap spacing ranging from 25 to 235 nm to sort the exosomes and surface biomarkers
according to the size [183]. It has been shown that researchers could employ the nanoDLD device to separate the 50 nm and 10 nm polystyrene particles successfully. The
particle manipulation performance of this proposed DLD method is fascinating and
versatile. However, the used DLD chip with nanoscale pillar arrays is a difficult problem
and brings about the great fabrication burden to the most researchers.
In Chapter 6, we proposed a top sheath flow–assistance secondary flow particle
manipulation using the same microchannel in Chapter 3. So the microchannel geometry
was not changed. Based on this work, we expect that we can slightly reduce the
microchannel size and with the assistance of sheath flow in order to manipulate the
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submicron and nanoparticle (≤1 µm). and the pressure increase could be not too high to
induce high hydraulic resistance.
8.2.2.

Investigation on the particle migration in the spiral microchannel with
slanted groove array

Normally, we classified the microfluidic particle manipulation method as either the active
or passive technology according to the principle used for functionalities. Either two types
of methods possess the advantages in different aspects such as high-throughput and
precise manipulation. The relationship between the active and passive method is
complementary. However, in some complex biological applications, either the active or
passive method is not incompetent at the job [184]. For example, circulating tumour cell
(CTCs) is the critical important biomarker for the clinical cancer diagnostics. But, the
separation of rare CTCs with the high purity and recovery yield is a challenge because of
the quite low concentration of CTCs in the blood sample (≤100 cells in 1 ml whole blood
sample). Moreover, the size superposition of WBCs and CTCs can result in the poor
purity of CTCs collection [185]. To solve this problem, the group of Toner reported a
hybrid microfluidic device combining the passive technology, deterministic lateral
displacement (DLD), and active technology, magnetophoresis (MP) to separate the CTCs
from the patient blood sample [186, 187]. The blood sample was first injected into the
microchannel with pillar arrays, where the small size RBCs and platelets would be
filtrated from the large size WBCs and CTCs leveraging the DLD hydrodynamic forces.
The separated CTCs and WBCs will flow into a single straight microchannel and be
focused on one streamline in the centre of the microchannel. Then, through the antigendependent and –independent method, the applied magnetic field can deflect the
magnetically labelled CTCs to the outlet of the microchannel, while the WBCs are not
affected by the magnetic field and collected from another outlet. Zhang et al. proposed
the hybrid microfluidic separation of the nonmagnetic particles based on the investigation
and development on the fundamental of viscoelastic microfluidics and magnetophoresis
[138]. In this work, the DI water was taken the place by the non-Newtonian aqueous PEO
solutions so that particles were three-dimensionally focused by the elasto-inertial effects.
Furthermore, the ferrofluid was also mixed into the solutions. As a result, the negative
magnetophoretic force could be applied on the travelling particles and the magnitude of
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this external force was dependent on the size of particles. The prefocused nonmagnetic
particles could be separated based on the difference of particle size at the expansion
microchannel.
Additionally, the hybrid of microfluidic technologies is not merely confined to the
active-passive combination. In inertial microfluidics, some researchers attempted to
investigate the microchannel with different characteristic geometries and develop
versatile microfluidic particle manipulation platforms based on this. Shen et al. presented
an inertial multiple particle separating and sorting method using the spiral microchannel
with ordered obstacles on the top surface [188]. The introduction of obstacles could
accelerate and improve the magnitude of the geometry-induced Dean-like secondary flow.
The proposed microfluidic device could realise multiple particle manipulation of focusing,
separation and sorting on PS particles, CTCs, and blood cells. The microchannel was
demonstrated to work effectively for at least 4 h long-term with a high throughput manner
of 3 ml/min. And our group reported that the combination of the expansion-contraction
cavity array and slanted groove pattern on the top surface could improve the particle
focusing performance at a wider range of flow rate [189]. The slanted groove pattern
modulated the inertial microfluidic particle equilibrium position and the size-based
particle filtration and separation was available on this mechanism.
In the future work, we are going to combine the spiral microfluidic microchannel with
the double-layered microchannel tropology pattern for the more versatile particle
manipulation device. The spiral microchannel is the first inertial microfluidic
microchannel which is investigated and developed based on the secondary flow. The
spiral microchannel possesses the constant curved direction so that the geometry-induced
Dean vortex within the cross section of microchannel is fixed. Applications of particle
focusing, sorting and separation have been developed using the spiral microchannel. On
the other hand, the double-layered microchannel with groove pattern has been
comprehensively studied in this thesis. In Chapter 4, the introduction of groove pattern
has been demonstrated to improve the original particle manipulation performance that the
effective working condition (flow rate) is greatly expended. Furthermore, we expect that
the geometry-induced secondary flow due to the groove pattern can modulate the particle
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focusing equilibrium position, improve the throughput and reduce the length of the
microchannel required for the inertial particle migration etc.
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